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Letter  from  the  Conference  Chairman 


The  XVth  International  Conference  on 
Thermoelectrics,  ICT96,  was  held  at  the  DoubleTree 
Hotel,  Pasadena,  California,  USA,  March  26-  29, 
1996.  On  the  day  preceding  the  conference,  two  half¬ 
day  short  courses  were  arranged.  The  conference  was 
organized  by  the  Thermoelectrics  Team  of  the  Jet 
Propulsion  Laboratory/California  Institute  of  Tech¬ 
nology  (JPL).  The  conference  was  supported  by  the 
International  Thermoelectric  Society  (ITS),  a  non¬ 
profit  organization,  and  sponsored  by  the  US  Office  of 
Naval  Research  and  the  Department  of  Energy. 

ICT96  featured  technical  sessions  covering  a 
broad  range  of  topics  in  thermoelectrics  R&D.  The 
meeting  provided  a  total  of  190  scientists,  engineers, 
manufacturers  and  users  with  a  forum  for  the  ex¬ 
change  of  discussions  and  information  at  the  forefront 
of  thermoelectrics.  This  was  the  largest  attendance 
for  an  ICT  conference  in  the  United  States  and  it 
indicates  that  the  interest  in  thermoelectrics  is  grow¬ 
ing  worldwide.  The  largest  delegations  were  from  the 
United  States  (97)  and  Japan  (38).  All  major  regions 
of  the  world  were  represented:  Russia  and  Ukraine 
(17),  Western  Europe  (20),  Israel  (1),  Japan,  Korea 
and  Australia  (47),  North  America  (104)  and  even 
South  Africa  (1). 

A  total  of  110  papers  were  actually  presented 
during  parallel  sessions  at  the  conference.  The  paral¬ 
lel  sessions  were  held  in  adjacent  rooms  at  the 
DoubleTree  hotel  which  allowed  the  attendees  to 
easily  switch  from  one  room  to  the  other.  By  organiz¬ 
ing  10  invited  presentations,  the  goal  of  the  ICT96 
Organizing  Committee  was  to  emphasize  promising 


new  approaches  in  thermoelectrics,  such  as  novel 
materials  and  heterostructures  (materials  research)  or 
thermal  management  and  waste  heat  recovery  appli¬ 
cations  (thermoelectric  cooling  and  power  genera¬ 
tion).  In  addition,  important  topics  which  needed  to 
get  more  exposure  were  selected,  such  as  thin  films, 
Bi-Sb  alloys,  theoretical  calculations  (materials  re¬ 
search)  and  detectors,  microdevices  and  commercial 
potential  (applications). 

A  large  number  of  regular  papers  were  devoted 
to  novel  materials  and  structures,  and  several  major 
discoveries  were  reported  at  this  meeting.  Other 
highlights  of  the  conference  included  a  plenary  ses¬ 
sion  showcasing  the  interest  of  U.S.  federal  agencies 
in  thermoelectrics,  a  lively  and  stimulating  2-hour 
panel  session,  a  technical  exhibition  featuring  14 
different  private  companies  and  a  visit  to  JPL  and  its 
thermoelectric  facilities. 

In  addition  to  the  very  full  technical  schedule  of 
the  conference,  the  ICT96  Organizing  committee 
managed  to  keep  the  attendees  busy  and  entertained  in 
the  evenings .  It  appears  that  ICT96  was  a  success  if  the 
Organizing  Committee  can  judge  from  the  excellent 
feedback  it  has  received  from  some  of  the  attendees. 
As  chairman  of  this  conference,  I  am  especially  proud 
of  the  always  improving  quality  of  the  International 
Thermoelectric  Society  meetings  and  I  would  like  to 
thank  the  members  of  the  Organizing  Committee  for 
their  dedication  and  perseverance  through  many 
months  of  effort,  the  Jet  Propulsion  Laboratory  for  its 
support  and  the  Office  of  Naval  Research  and  the 
Department  of  Energy  for  their  sponsoring. 


Jean-Pierre  Fleurial 
ICT96  Conference  Chairman 
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Preface 


The  present  volume  constitutes  the  proceedings 
of  the  XV  International  Conference  on  Thermoelectrics 
(ICT)  held  at  the  DoubleTree  Hotel,  Pasadena,  Cali¬ 
fornia,  USA,  on  March  26-29,  1996.  The  ICT  pro¬ 
vided  a  total  of  190  scientists,  engineers,  manufactur¬ 
ers,  and  users  with  an  opportunity  to  present  and 
discuss  the  most  recent  findings  and  developments  in 
thermoelectric  research  and  applications.  The  grow¬ 
ing  attendance  indicates  the  increasing  interest  in 
thermoelectrics  worldwide. 

For  the  first  time  in  this  series  of  conference,  a 
plenary  session  was  organized  to  give  an  opportunity 
to  several  US  government  agencies  to  outline  their 
interest  in  thermoelectrics.  This  session  generated  a 
lot  of  interest  from  the  attendees  as  well  as  the  panel 
session.  This  year,  the  topic  for  the  panel  session  was: 
“Increase  demand  for  thermoelectrics:  highZT  or  cost 
the  driver?”. 


Over  110  papers  were  presented  at  the  confer¬ 
ence,  including  10  invited  presentations.  They  are 
organized  in  these  proceedings  in  technical  sessions 
covering  all  aspects  of  thermoelectric  reserach  and 
technology.  In  most  cases,  the  papers  have  been 
included  in  the  proceedings  as  received.  We  are  grate¬ 
ful  to  the  authors  for  their  cooperation  and  efforts  to 
submit  clear  and  technically  sound  manuscripts  for 
publication. 

Many  individuals  have  worked  hard  to  plan  and 
organize  this  conference.  They  are  listed  in  the  com¬ 
mittee  section  of  these  proceedings  and  deserve  credit 
for  this  success.  The  organization  of  this  conference 
was  truly  a  team  effort.  Finally,  I  would  like  to  take 
this  opportunity  to  thank  all  the  authors,  speakers,  and 
session  chairpersons  for  their  time  and  efforts  spent  to 
make  the  ICT96  such  a  success. 


Thierry  Caillat,  Jet  Propulsion  Laboratory 

Chief  Editor  and  Technical  Program  Chairman 
A.  Borshchevsky,  Jet  Propulsion  Laboratory 
Associate  Editor 

J.-P.  Fleurial,  Jet  Propulsion  Laboratory 
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Abstract 

This  paper  is  devoted  to  a  survey  of  the  principal  studies 
performed  on  Bi-Sb  thermoelectric  materials  over  the  last 
fourty  years.  Bi-Sb  alloys  are  still  the  best  n-type  materials 
for  refrigeration  at  low  temperatures  nowadays.  After  a  brief 
introduction  of  their  physical  characteristics  (cristallography 
and  band  structure),  the  elaboration,  characterization  and 
transport  properties  (thermoelectric  and  galvanomagnetic)  of 
the  Bi-Sb  alloys  will  be  presented.  The  results  obtained  on 
bulk  materials,  in  single  crystalline  and  polycrystalline  forms, 
and  thin  films  will  be  discussed. 

Introduction 

Among  semimetals  and  narrow  band  gap  semiconductors, 
bismuth-antimony  alloys  have  received  particular  attention 
these  last  fourty  years  not  only  because  they  present 
interesting  physical  properties  from  a  fundamental  point  of 
view,  but  also  for  their  interest  as  engineering  materials.  The 
structure  of  their  conduction  and  valence  bands  strongly 
depends  on  various  parameters  such  as  alloy  composition  [1- 
3],  temperature  [4],  external  pressure  [5, 6]  and  magnetic  field 
[7,  8].  Such  pecularities  have  yielded  to  the  observation  of 
several  exciting  properties  like  for  example  the  observation  of 
a  transition  to  a  gapless  state  [9,  10]. 

The  study  of  the  transport  properties  of  Bij_xSbx  alloys 
realized  by  Smith  and  Wolfe  in  1962  [11]  and  extended  by 
Yim  and  Amith  ten  years  later  [12]  has  shown  that  such 
alloys  may  be  attractive  n-type  materials  for  electronic 
refrigeration.  Actually,  properly  oriented  Bi-rich  bismuth- 
antimony  crystals  have  been  reported  as  having  higher 
thermoelectric  performances  than  Bi2Te3  compounds  for 
temperatures  lower  than  220  K  [11].  These  interesting 
properties  could  however  not  give  rise  to  any  application  for 
solid  state  cooling  devices  at  this  time  because  no  p- type 
material  having  compatible  thermoelectric  properties  at  low 
temperatures  was  available. 

The  figure  of  merit  ZnP,  which  is  the  thermoelectric  index  of 
efficiency  of  a  thermocouple  constituted  of  n  and  p  legs  [13], 
is  defined  as : 

a) 

(Pp^pf  +(Pn^n)K 

where  an  p  is  the  thermoelectric  power,  pn  p  the  electrical 
resistivity  and  A.n  p  the  thermal  conductivity  of  the  n  and  p 
legs,  respectively. 

From  relation  (1),  it  is  clear  that  if  the  p  leg  has  far  lower 
thermoelectric  performances  than  the  n  leg,  the  figure  of  merit 
of  the  n-p  couple  will  be  decreased  and  thus  the  potential 
performances  of  solid  state  cooling  devices  will  even  be 


considerably  reduced.  Fortunately,  the  discovery  of  high  Tc 
superconductors  has  fundamentally  modified  the  situation. 
Actually,  a  thermocouple  constituted  of  a  n-type  Bi-Sb  leg  and 
of  a  p- type  high  Tc  superconductor  leg,  thermoelec trically 
passive,  will  possess  a  figure  of  merit  close  to  that  of  the  n 
leg  [14].  Several  workers  have  investigated  the  figure  of  merit 
of  thermocouples  composed  of  high  Tc  superconducting  p  leg 
for  their  application  in  solid  state  devices  [15-18]. 

The  advantage  of  using  Bi-Sb  single  crystals  with  regard  to 
conventional  n-type  materials  is  still  more  important  in  the 
presence  of  a  transverse  magnetic  field,  as  first  pointed  out  by 
Wolfe  and  Smith  [19]  for  a  Bio.8sSbo.i2  single  crystal.  They 
reported  a  dimensionless  figure  of  merit  ZT  greater  than  unity 
between  125  K  and  275  K  by  applying  an  optimum  magnetic 
field.  These  values  are  two  times,  and  even  more,  greater  than 
the  zero  field  values.  This  large  improvement  is  due  to  the 
presence  of  transverse  thermomagnetic  effects  [1*9].  These 
effects  are  particularly  great  for  dilute  Bi-Sb  alloys,  making 
them  very  attractive  materials  for  Ettingshausen  cooling 
devices  [20-22]. 

After  a  brief  introduction  of  the  principal  physical  properties 
of  Bi-Sb  alloys,  the  salient  results  pertaining  to  thermoelectric 
properties  will  be  discussed.  Both  bulk  materials  and  thin 
films  will  be  reviewed.  The  transport  properties  will  only  be 
described  qualitatively  because  the  band  structure  is  strongly 
correlated  to  antimony  content  and  temperature. 

Although  the  effect  of  a  magnetic  field  presents  considerable 
interest  for  Bi-Sb  solid  solutions,  we  will  essentially  deal 
with  zero-field  coefficients.  Goldsmid  [23]  has  recently 
reviewed  the  interest  of  using  Bi-Sb  alloys  for 
thermomagnetic  cooling. 


1 CH 


Fig.  1  Hexagonal  representation  of  the  A7  structure.  The  basal 
planes  are  perpendicular  to  the  trigonal  axis  ch- 
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Survey  of  the  band  structure  of  Bij.xSbx  alloys 

Bismuth  and  antimony  (group  V)  are  semimetals  that  both 
exhibit  a  similar  rhomboedral  crystal  structure  (often  called  the 
A7  structure)  of  R3m  point  group.  They  present  very  close 
lattice  parameters  and  two  atoms  per  unit  cell.  The  set  of  axes 
usually  used  is  such  that  1-axis  is  parallel  to  a  binary  axis,  3- 
axis  is  parallel  to  the  trigonal  axis  and  2-axis,  called  the 
bisectrix  axis,  is  normal  to  the  two  other  axes  so  as  to  obtain 
a  right  handed  orthonormal  set  (1,2,3).  The  hexagonal 
representation  shows  that  the  A7  structure  is  lamellar  (Fig.  1) 
in  the  same  way  as  in  bismuth  telluride  compounds.  Crystals 
can  be  cleaved  along  the  basal  planes  (perpendicularly  to  the 
trigonal  axis )  but  not  so  easily  as  in  bismuth  telluride. 

The  most  important  crystallographic  feature  of  these 
semimetals  is  that  the  A7  structure  can  be  considered  as  a 
slightly  deformed  cubic  lattice  [24],  The  band  structure 
resulting  from  the  distortion  from  cubic  symmetry  distinguish 
the  group  V  semimetals  from  the  more  commonly  known 
isotrope  insulators  or  metallic  conductors. 

Since  bismuth  and  antimony  have  similar  lattice  parameters, 
it  is  not  surprising  that  Bi-Sb  alloys  form  a  solid  solution 
over  the  whole  composition  range.  Cucka  and  Barrett  [25] 
have  reported  that  the  hexagonal  lattice  parameters  of  Bij.xSbx 
satisfy  the  Vegard's  rule  when  0  <  x  <  0.3. 

From  symmetry  arguments,  it  can  be  shown  that  the  tensors 
of  the  three  zero  field  transport  properties,  i.e.  a,  p  and  X, 
have  only  two  independent  components,  one  along  the 
trigonal  axis  (index  33)  and  one  in  the  basal  plane  (index  1 1  or 
22). 

Reviews  concerning  the  electronic  band  structure  of  bismuth 
and  antimony  and  the  properties  of  electrons  in  bismuth  have 
been  reported  by  Dresselhaus  [26]  and  Edelman  [27], 
respectively.  In  the  following  section,  we  will  only 
summarize  the  aspects  of  the  band  structure  of  the  pure 
components  and  alloys  that  are  relevant  to  the  understanding 
of  the  transport  properties. 

The  small  distortion  from  the  simple  cubic  lattice  induces  that 
bismuth  and  antimony  are  semimetals  characterized  by  a  small 
overlap  of  the  fifth  and  sixth  bands,  leading  to  the  presence  of 
a  small  equal  number  of  electrons  and  holes  at  every 
temperature.  In  bismuth,  the  pockets  of  electrons  are  located  at 
the  L  points  of  the  Brillouin  zone  whereas  the  pockets  of 
holes  are  located  at  the  T  points  (Fig.  2).  The  hole  Fermi 
surface  corresponds  to  an  ellipsoid  of  revolution  along  the 
trigonal  axis  whereas  the  electron  Fermi  surfaces  consist  in 
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three  quasi-ellipsoids  strongly  elongated  along  a  direction 
which  is  near  from  the  bisectrix  axis.  This  highly  anisotropic 
shape  leads  to  unusual  very  small  effective  masses  along  two 
directions  inducing  very  high  electron  mobilities. 

The  same  structure  occurs  for  the  "light"  L  hole  band,  which 
is  separated  from  the  conduction  band  by  a  narrow  energy  gap 
Eg  (Eg  =  13.6  meV  at  0  K  [28])  and  is  coupled  to  it  by  the 
k.p  interaction,  causing  a  highly  non-parabolic  dispersion 
relationship  of  the  two  bands  and  a  non  quasimomentum 
dependence  of  the  Bloch  amplitude.  The  simplest  dispersion 
relation  for  the  L-bands  is  the  two-band  model  of  Lax  and 
Mavroides  [29],  Expressed  in  coordinates  fixed  to  the  ellipsoid 
axes,  the  energy  dispersion  follows  the  law  : 


t i2  r=-ir 

- km  k 

2m0 


(2) 


where  mo  is  the  free  electron  mass,  m  the  effective  mass 

tensor  of  electrons  and  L  holes  near  the  band  edges  and  k  the 
wave  vector.  The  non-parabolicity  alters  the  effective  masses. 
In  the  previous  model,  an  effective  mass  tensor  element  m* 
depends  on  energy  E  as : 


m*(E)  =  m 


(3) 


In  antimony,  the  pockets  of  electrons  are  also  located  at  the  L 
points  of  the  Brillouin  zone  whereas  holes  are  located  at  the 
six  equivalent  H  points.  The  departure  from  cubic  symmetry 
is  more  pronounced  in  antimony  than  in  bismuth,  resulting  in 
a  larger  carrier  density  in  antimony  than  in  bismuth.  It  should 
be  noted  that  L,  T  and  H  hole  bands  differ  greatly  with  regard 
to  the  density  of  state  effective  mass  mj.  Values  reported  at 
the  helium  temperature  are  respectively  :  m^L  =  0.02  mo, 
md>T  =  0. 14  mo  and  md  H  =  0.5  m0  [26]. 


Bismuth  Antimony 


SM  :  semimetal 
SC  :  semiconductor 


Fig.  2  Location  of  the  Fermi  surfaces  of  bismuth  in  the 
Brillouin  zone.  Axes  1,  2  and  3  are  parallel  to  the  binary, 
bisectrix  and  trigonal  axes,  respectively.  cpe  is  the  tilt  angle  of 
the  electron  ellipsoids. 


Fig.  3  Schematic  diagram  of  the  band  edge  configuration  of 
Bii_xSbx  alloys  as  a  function  of  x,  at  T  =  0  K.  In  the 
semiconducting  range,  the  band  gap  is  maximum  around 
x  =  0.15-0.17. 
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The  substitution  of  Bi  atoms  by  Sb  atoms  in  the  Bi  lattice 
modifies  drastically  the  band  structure  of  bismuth.  Fig.  2 
represents  the  band  structure  evolution  of  Bi1-xSbx  alloys  as  a 
function  of  x,  at  low  temperature.  These  results  were  obtained 
from  powerful  oscillatory  techniques  like  magnetoreflection  or 
cyclotron  resonance. 

As  it  can  be  seen  in  Fig.  3,  alloying  affects  mainly  three  band 
parameters : 

-  the  overlap  between  L  and  T  bands, 

-  the  value  of  the  direct  energy  gap  Eg, 

-  the  energy  of  the  top  of  the  H  bands. 

Between  0  <  x  <  0.04,  the  overlap  as  well  as  the  band  gap 
decrease.  At  x  =  0.04,  a  gapless  state  appears  [30,31],  Beyond 
this  composition,  the  bonding  Ls  and  antibonding  La  bands 
are  inverted  and  the  band  gap  increases  with  enhancing 
antimony  concentration.  At  x  =  0.07,  there  is  no  more 
overlap  between  the  conduction  band  at  the  L  point  and  the 
valence  band  at  the  T  point.  The  material  loses  then  its 
semimetallic  character  and  becomes  a  semiconductor  [32,33]. 
However,  because  the  top  of  the  H  band  increases  with 
enhancing  antimony  concentration,  a  second  transition  takes 
place  at  x  =  0.22  [34,35].  Beyond  this  composition,  the  band 
structure  of  the  alloys  evolves  up  to  the  band  structure  of  pure 
antimony.  So,  between  0.07  <  x  <  0.22,  Bij.xSbx  alloys  are 
narrow  band  gap  semiconductors  with  a  maximal  band  gap 
around  15-17  at.  %  Sb. 

Since  the  energy  gap  associated  with  the  electron  pockets  at 
the  L  point  is  very  small,  it  is  not  surprising  that  all  the  band 
parameters  associated  with  the  electron  carriers  are  strongly 
temperature  dependent.  These  observations  were  first  reported 
by  Vecchi  and  Dresselhaus  [28]  for  pure  bismuth  and  were 
further  extended  to  some  Bi-rich  alloys  by  Mendez  [4].  Their 
results  show  drastic  relative  variations  of  the  energy  band  gap 
with  regard  to  the  value  at  0  K,  compared  to  typical 
semiconductors.  For  T  >  80  K,  extrema  of  Ls  and  La  bands 
increase  and  decrease  in  energy,  respectively,  when  the 
temperature  is  enhanced.  The  effective  masses  at  the  L  bands 
extrema  were  also  reported  as  being  very  sensitive  to 
temperature.  Nothing  is  "h  priori"  known  about  the 
temperature  dependence  of  band  parameters  for  T  and  H  bands 
in  Bi-Sb  alloys. 

All  these  unusual  features  allow  us  to  understand,  at  this 
stage,  why  it  is  difficult  to  analyse  the  transport  properties  of 
such  alloys,  the  difficulties  arising  in  part  from  the  strong 
non-paratx>licity  and  the  large  temperature  dependence  of  the 
band  parameters  at  the  L  points  of  the  Brillouin  zone. 


Fig,  4  Phase  diagram  of  the  Bi-Sb  system. 


The  situation  is  still  more  complex  when  several  valence 
bands  contribute  to  the  transport  properties.  This  matter  of 
fact  prevails  when  alloys  are  semiconductors,  and  it  is 
precisely  when  the  thermoelectric  performances  are  the  most 
interesting. 

Preparation 

Although  bismuth  and  antimony  are  completely  miscible  in 
both  the  liquid  and  solid  states,  there  is  a  large  temperature 
difference  between  the  liquidus  and  the  solidus  (Fig.  4).  A 
similar  situation  is  encountered  for  silicon- germanium  alloys 
which  are  the  best  thermoelectric  materials  for  high 
temperature  uses.  According  to  the  phase  diagram  of  the  Bi-Sb 
system,  a  liquid  of  Cl  composition  will  start  to  crystallise  a 
solid  with  the  Cs  composition,  enriched  in  Sb  with  regard  to 
the  melt,  as  seen  Fig.  4.  Further  lowering  the  temperature 
modifies  both  the  compositions  of  the  liquid  along  the 
liquidus  line  and  of  the  grown  ingot  along  the  solidus  line. 
Due  to  very  low  diffusion  rates  in  the  solid,  the  resulting 
ingot  exhibits  severe  segregation.  It  results  that  the 
preparation  of  homogeneous  solids  requires  either  to  maintain 
constant  the  composition  of  the  melt  during  the  growth  or  to 
use  some  process  to  homogenize  the  solid  phase. 

Bi-Sb  alloys  have  been  extensively  prepared  in  the  single 
crystalline  form  and  to  a  less  extent  via  powder  metallurgy. 
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Fig.  5  Longitudinal  (a)  and  radial  (b)  variation  in  Sb  content 
as  determined  by  electron  microprobe  analysis  on  a  150  mm 
in  length  and  15  mm  in  diameter  Bio  96Sbo  04  alloy  elaborated 
by  T.H.M. 
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Although  Bi-Sb  samples  were  mostly  prepared  without  any 
intentional  doping,  effects  on  the  thermoelectric  properties  of 
donor  (Te  [36,37],  Se  [36])  and  acceptor  (Sn  [12,37,38],  Pb 
[11,39],  Ga  [40])  centers  have  been  considered. 

Single  crystals 

Among  the  various  preparation  methods  mentionned  in  the 
literature,  the  repeated  pass  zone  melting  was  principally  used 
to  produce  single  crystals,  the  growth  rate  ranging  from  0.1  to 
51  mm  h*1  [1,11,36,41-46].  This  elaboration  method  can 
overcome  excessive  macro-segregations  in  the  alloys  whereas 
the  micro-homogeneity  in  composition  can  only  be  achieved 
from  slow  growth  rates.  Micro-inhomogeneities  arise  from  the 
detrimental  effect  of  constitutional  supercooling. 
Constitutional  supercooling  can  be  eliminated  [47]  or  at  least 
reduced  substantially  if  the  applied  growth  rate  R  satisfy  the 
relation : 

R  <  DG/AT  (4) 

where  D  is  the  binary  alloy  liquid  diffusion  constant  (about 
10’5  cm2s'1  at  300°C  as  reported  by  Brown  and  Heumann 
[41]),  G  the  temperature  gradient  at  the  solidification  interface 
and  AT  the  temperature  difference  between  the  liquidus  and  the 
solidus.  It  is  however  difficult  to  produce  large  temperature 
gradients  due  to  the  low  melting  temperatures  of  the  alloys. 
Consequently,  small  G  gradients  associated  with  large  AT 
constrain  to  use  small  growth  rates  R. 

Contrarily  to  multi-pass  zone  melting,  a  single-pass  zone 
levelling  technique  [48]  or  a  Traveling  Heater  Method 
(T.H.M.)  [49]  were  successfully  used  to  grow  very 
homogeneous  single  crystals.  These  processes  are  methods  of 
solvent  zone  transfer  through  a  polycrystalline  source  ingot  in 
a  quartz  ampoule  sealed  under  vacuum.  The  compositions  of 
the  source  ingot  Cs  and  of  the  solvent  zone  Cl  are  choosen  in 
such  a  way  that  the  liquid  and  the  solid  are  in  equilibrium  at 
the  solidification  interface  Te  (Fig.  4).  An  example  of 
longitudinal  and  radial  homogeneities  is  reported  Fig.  5  for  a 
Bi0.95Sb0.04  alloy  elaborated  by  the  T.H.M.  method.  It  must 
be  pointed  out  that  temperatures  used  for  the  growth  are  much 
lower  for  zone  levelling  or  T.H.M.  methods  than  for  zone 
melting  processes. 
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Fig.  6  Electron  microprobe  scanning  along  compacted 
Bio.85Sbo.15  powders  elaborated  by  mechanical  alloying  (ball 
to  powder  weight  ratio  :  10/1,  particle  sizes  >  100  pm,  15  h 
of  milling  time),  after  [56]. 


The  Czochralski  pulling  technique  was  also  successfully  used 
to  grow  homogeneous  doped  (Te,  Sn)  and  undoped  Bi-Sb 
alloys  up  to  18  %  at.  Sb  [50].  Large  single  crystals  (20-25 
mm  in  diameter)  of  high  degree  of  crystalline  perfection  have 
been  obtained.  Recently  the  melt-injection  technique  [51]  was 
also  developped  to  prepare  these  mixed  crystals. 

Powder  metallurgy 

The  use  of  Bi-Sb  single  crystals  in  low  temperature  stages  of 
solid  state  coolers  is  still  restrained  up  to  now.  The  main 
reason  is  that  the  Bi-Sb  single  crystalline  leg  possesses  a  low 
bending  strength  and  a  low  tension  strength  along  the  trigonal 
axis  leading  to  slippings  in  the  cleavage  planes. 
Unfortunately,  it  is  precisely  in  that  direction  that  the  figure 
of  merit  is  the  best.  Special  attention  was  devoted  to  enhance 
the  mechanical  properties  of  Bi-Sb  single  crystals.  Belava  et 
al.  [52]  have  investigated  the  influence  of  the  growth 
parameters  on  the  bending  strength  of  Czochralsky  grown 
ingots  as  well  as  the  influences  of  the  size  and  the  surface 
quality  of  the  samples.  Quite  remarkable  works  on  extrusion 
of  single  crystals  have  been  performed  by  Sidorenko  and  co¬ 
authors  [53-55]  as  an  attempt  to  improve  the  mechanical 
properties,  without  any  large  decrease  of  the  thermoelectric 
performances. 

Another  way  to  improve  the  durability  of  the  material  is  to 
produce  Bi-Sb  polycrystalline  alloys  via  powder  metallurgy. 
They  are  easier  to  synthesize,  dimension,  and  handle  than 
single  crystals.  The  microstructure  produced  by  powder 
metallurgy  also  eliminates  the  danger  of  catastrophic  failure 
due  to  cleavage. 

Nowadays,  in  the  light  of  the  scarce  published  works  on  Bi-Sb 
powder  alloys,  there  are  three  obtention  techniques  : 
mechanical  alloying  [56],  arc-plasma  spraying  [57,58],  and  the 
grinding  of  zone-melted  rods  [59,60],  Mechanical  alloying 
allows  the  elaboration  of  homogeneous  powders  (Fig.  6)  with 
grain  sizes  about  10  pm,  in  relatively  low  milling  times  (4- 
15  hours,  depending  on  the  milling  conditions)  [56].  Arc- 
plasma  technique  also  permits  to  elaborate  fine  powders  (Fig. 
7)  of  controlled  stoichiometry  and  granulometry  (0.025  to  0.8 
pm)  [58], 

Galvanomagnetic  properties 

Galvanomagnetic  investigations  are  well  adapted  to  study  the 
evolution  of  carrier  mobilities  and  densities  with  temperature. 
The  80-200  K  temperature  range  is  particularly  interesting  for 
the  use  of  Bi-Sb  alloys  in  thermoelectric  devices. 


Fig.  7  Scanning  electron  micrograph  of  a  Bio.875Sbo.125 
powder  elaborated  by  arc  plasma  spraying  (mean  particle  size 
<  1  pm),  after  [58]. 
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To  compute  the  band  model  parameters  in  a  straightforward 
way  from  the  galvanomagnetic  data,  one  approach  is  to  turn  to 
low  field  measurements,  that  is  fields  for  which  pB  «  1, 
where  p  is  some  carrier  mobility  and  B  the  magnetic 
induction,  and  in  this  case  the  effects  are  very  small.  Different 
attempts  to  obtain  informations  about  band  parameters  have 
been  performed  on  some  alloys  [45,61].  Nevertheless,  the 
conclusions  obtained  by  these  authors  need  substantial 
reconsideration  because  of  the  use  of  an  incorrect  band  model 
for  the  alloys.  Moreover,  by  studying  the  galvanomagnetric 
effects  in  weak  magnetic  fields,  the  Hall  factor  and  the 
magnetoresistance  factor,  both  governed  by  the  energy 
dependence  of  the  relaxation  time,  are  assumed  to  be  close  to 
unity  in  bismuth  and  in  alloys.  When  the  non-parabolicity  is 
taken  into  account,  these  factors  may  be  considerably  increased 
for  electrons  when  there  is  no  strong  statistical  degeneracy. 
Ravich  and  Rapoport  [62]  have  clearly  shown  that  these 
factors  differ  greatly  from  unity  in  bismuth  for  temperatures 
exceeding  100  K. 

Quite  recently,  Demouge  et  al.  [63]  have  investigated  the 
galvanomagnetic  tensor  of  Bio.96Sbo.04  in  the  temperature 
range  77-180  K  under  strict  isothermal  conditions,  rigorously 
satisfying  the  low  field  conditions.  Their  experimental  results 
have  been  analysed  from  a  two  band  model  taking  into  account 
the  non-parabolicity  and  a  mixed  scattering  model  :  the 
scattering  by  accoustical  phonons  and  interband 
(recombinaison)  scattering  due  to  electron  transitions  between 
the  conduction  band  and  the  valence  band  (T  band).  As 
expected,  the  authors  have  also  found  that  the  Hall  and 
magnetoresistance  factors  differ  from  unity.  The  temperature 
dependence  of  the  carrier  mobilities  is  reported  Fig.  8.  It  is 
seen  that  the  T-holes  mobilities  are  smaller  in  the  alloy  than 
in  bismuth,  suggesting  that  holes  are  more  affected  by 
alloying  than  electrons. 


Fig.  8  Evolution  of  the  electron  mobilities  p;  and  hole 
mobilities  v,  with  temperature  of  Bi0.96Sb0.04  and  Bi  (index  i 
refers  to  the  directions  to  the  principal  axes  of  the  ellipsoids). 


Transport  properties 

Single  crystals 

Electrical  resistivity 

The  electrical  transport  coefficients  pn  and/or  P33  of  Bi-rich 
Bi-Sb  alloys  have  been  measured  by  many  authors  within  the 
4.2  -  300  K  temperature  range  [1,11,12,36,42,44,46,64-71], 
The  general  trends  are  similar  in  most  of  the  studies  except  at 
low  temperatures  where  the  crystalline  quality  and  the 
concentration  of  residual  impurities  play  an  important  role. 
The  different  temperature  dependences  of  the  electrical 
resistivity  encountered  in  BixSbi.x  alloys  (x  <  0.20)  are 
schematized  Fig.  9. 

Above  150  K,  the  electrical  resistivity  increases  almost 
linearly  whatever  the  measurement  direction  and  the  alloy 
composition.  At  300  K,  the  value  of  the  resistivity  is  about 
1.5  pQ  m.  This  value,  near  from  that  of  pure  bismuth  (=  1.2 
pI2  m),  is  only  two  orders  of  magnitude  higher  than  the  value 
of  typical  metals.  For  bismuth,  the  low  number  of  carriers 
(10'MO18  cm'3  [72])  is  compensated  by  their  very  high 
mobilities  in  some  directions,  as  compared  to  metals,  due  to 
very  small  effective  masses.  Since  the  density  of  carriers  in 
Bi-Sb  alloys  is  of  the  same  order  of  magnitude  than  in  pure 
bismuth,  we  can  expect  that  the  mobilities  are  still  very  high 
in  the  solid  solution  at  room  temperature. 

Below  150  K,  a  clear  difference  in  the  electrical  resistivity 
behaviours  appears.  For  x  <  0.07,  the  electrical  resistivity  of 
the  semimetallic  alloys  decreases  with  diminishing  the 
temperature,  quite  similarly  to  what  happens  for  pure 
bismuth.  For  0.07  <  x  <  0.20,  the  resistivity  first  decreases 
down  to  a  minimum  and  then  three  temperature  dependences 
can  be  observed  as  the  temperature  decreases  (Fig.  9) : 

a)  a  continuous  increase  of  the  resistivity, 

b)  an  increase  with  a  subsequent  transition  to  saturation, 

c)  an  increase  up  to  a  maximum  and  then  a  decrease 

down  to  a  saturation  limit. 


Fig.  9  Schematic  temperature  dependence  of  the  electrical 
resistivity  in  Bi-Sb  alloys. 
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This  unsual  behaviour  at  low  temperature  in  the 
semiconducting  range  for  undoped  alloys  can  be  qualitatively 
understood  according  to  the  hydrogenoid  model.  Actually,  due 
to  a  large  dielectric  constant  (=  100)  and  to  small  effective 
masses  (=  0.02  mo),  the  ionization  energy  of  the  bound  states 
and  the  Bohr  radius  are  abnormally  low  and  high,  respectively, 
leading  to  the  formation  of  an  impurity  band  for  low  impurity 
concentrations  nj  (for  Bi-Sb  alloys,  n;  <  1012  cm  3  to  have 
bound  states).  These  considerations  explain  why,  even  in  very 
pure  materials,  a  large  residual  conductivity  can  be  expected  at 
T  =  4.2  K. 

When  the  intrinsic  carrier  concentration  is  greater  than  the 
impurity  density  nj,  the  resistivity  decreases.  The  variations 
observed  as  a  function  of  temperature  are  then  similar  to  those 
of  a  semiconductor  having  a  narrow  band  gap.  The  thermal 
band  gap  AE  was  estimated  by  many  authors  on  the 
assumption  that  the  resistivity  follows  an  exponential  law  : 

p  =  po  exp  (-AE/2kT)  (5) 

The  results  are  reported  Fig.  10.  Despite  the  approximation  of 
such  temperature  dependence,  the  obtained  results  describe 
qualitatively  the  evolution  of  the  band  structure  as  a  function 
of  composition  at  low  temperature  when  the  investigated 
samples  are  homogeneous.  It  results  from  the  small  value  of 
the  thermal  gap  that  the  electrical  resistivity  increases  when 
the  thermal  energy  kT  is  of  the  same  order  of  magnitude  as 
AE. 

The  anisotropy  of  the  electrical  resitivity  is  not  very 
important  for  T  >  50  K  and  depends  on  the  antimony  content 
[12,70]. 

Thermoelectric  power 

The  substitution  of  Bi  atoms  by  Sb  atoms  results  in  larger 
absolute  values  of  the  thermoelectric  power  for  both 
thermoelectric  powers  an  and  a33,  with  regard  to  those  of 
pure  bismuth  (Fig.  1 1).  It  is  due  to  the  decrease  of  the  overlap 
between  L  and  T  bands,  and  to  the  appearance  of  a 
semiconducting  state.  It  was  shown  experimentally  by  many 
authors  that  the  thermoelectric  power  of  semiconducting 
alloys  is  always  negative  in  the  region  of  intrinsic 
conductivity  [11,12,64,65,68-70,73]  whereas  it  can  be  either 
positive  or  negative  in  the  region  of  extrinsic  conductivity 
according  to  the  type  of  doping  (intentional  or  not). 
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Fig,  10  Estimation  of  the  thermal  gap  AE  of  Bi-Sb  alloys 
from  relation  (5),  according  to  several  authors. 


Temperature  (K) 


Fig.  11  Thermoelectric  power  of  various  Bi-Sb  alloys  as  a 
function  of  temperature  along  directions  parallel  (a33)  or 
perpendicular  (an)  to  the  trigonal  axis,  after  [70]. 
( —  represents  the  measurements  for  Bi  [87]). 

A  lot  of  studies  have  been  performed  by  Redko  and  co-authors 
[68,74-76]  on  the  measurement  of  the  thermoelectric  power  on 
p  or  n  Bi[_xSbx  (0.085  <  x  <  0.17)  alloys  at  low  temperatures 
(  T  <  100  K)  with  the  attempt  to  correlate  their  results  with 
the  complex  valence  band  structure.  By  varying  the  impurity 
carrier  densities,  they  have  investigated  the  carrier  scattering 
mechanism  in  a  single-band  state  (only  light  holes  participate 
in  the  transport  phenomena)  or  a  in  a  many-band  state  (both 
the  light  holes  and  the  heavy  holes  are  involved  in  the 
transport  effects).  Very  large  values  of  the  thermoelectric 
power  were  reported  at  very  low  temperature  in  a  series  of 
samples  (Fig.  12).  Due  to  the  narrow  band  gap  of  the 
semiconducting  alloys,  the  transition  from  extrinsic  to 
intrinsic  conductivity  takes  place  at  low  temperature. 


Fig.  12  Temperature  dependence  of  the  thermoelectric  power 
as  a  function  of  hole  and  electron  densities  p  and  n, 
respectively  :  1)  a22,  p=3.4  1013  cm'3  ;  2)  a22,  p  =  2.1  1014 
cm-3  ;  3)  a22  and  4)  a^,  p=4.6  1014  cm'3  ;  5)  a33,  n=4.1 
1013  cm'3  ,  after  [68]. 
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An  increase  of  the  carrier  concentation  at  low  temperature  only 
leads  to  the  shift  of  the  transition  temperature  towards  higher 
temperature,  as  can  be  seen  Fig.  12. 

The  negative  sign  of  the  thermoelectric  power  in  the  intrinsic 
range  reflects  only  the  higher  mobilities  of  electrons  compared 
to  those  of  holes.  Actually,  the  total  diffusion  thermoelectric 
power  otij  is  expressed  in  terms  of  the  corresponding  partial 
contributions  as  : 


aegy  +  <xhqjj 
ofi  +  a\ j 


(6) 


where  q7  is  the  partial  contribution  of  carriers  to  the  total 

electrical  conductivity  in  the  considered  direction  (index  j  refers 
to  electrons  or  holes)  and  oci  are  the  partial  diffusion 
thermopowers.  For  holes,  L,  T  and  H  bands  may  contribute  to 
the  partial  contributions.  In  first  approximation,  we  can 
suppose  that  the  numerical  partial  thermopowers  are  of  the 
same  order  of  magnitude.  Following  this  assumption,  an 
expression  can  be  find  for  oijj : 
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Since  the  contribution  of  light  and/or  heavy  holes  to  the 
intrinsic  conductivity  is  small  in  comparison  with  that  of 
electrons,  because  the  mobility  of  electrons  is  much  higher 
than  that  of  holes,  the  ratio  of  the  partial  conductivities  is  less 
than  unity  and  is  negative. 
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Fig.  13  Anisotropy  of  the  thermal  conductivity  represented  for 
a  Bio  93Sbo.o7  ahoy,  after  [70]. 


Thermal  conductivity 

The  temperature  dependence  of  the  thermal  conductivity  is 
illustrated  in  Fig.  13  for  a  Bio.93Sbo.07-  A  strong  anisotropy 
is  observed  (X11/X33  =  1.7). 

In  these  materials,  the  thermal  conductivity  X  is  principally 
the  sum  of  two  terms  :  an  electronic  contribution  XE 
(including  both  unipolar  and  bipolar  terms)  and  a  contribution 
associated  with  the  lattice  phonons  Xj : 

X  =  XE  +  XL  (8) 

In  pure  bismuth,  in  the  range  2-20  K,  the  thermal 
conductivity  X\  1  is  only  due  to  the  lattice  contribution.  The 
relative  contribution  of  XE  increases  with  increasing 
temperature.  Uher  and  Goldsmid  [77]  have  reported  that  XE 
contributes  to  14  %  of  the  total  conductivity  at  35  K  and  to 
42  %  at  140  K.  The  knowledge  of  the  relative  contributions  of 
carriers  and  phonons  has  also  been  studied  in  the  alloys 
[65,69,78-81],  The  most  remarkable  results  have  been 
obtained  by  Kagan  and  Red’ko  [80,81]  who  suceeded  to 
separate  the  relative  contributions  by  applying  a  strong 
magnetic  field  (pB  >  1)  (Fig.  14).  As  might  be  expected, 
below  20  K  the  heat  is  still  primarily  transported  by  phonons, 
and  at  higher  temperatures  the  electronic  component  becomes 
more  important  as  the  temperature  increases.  However, 
alloying  reduces  strongly  the  lattice  thermal  conductivity  with 
regard  to  pure  bismuth  because  of  strong  point  defect 
scattering.  The  relaxation  time  1  for  this  process  is  expressed 
by  [82]: 

x_1  =  Arco4  (9) 


Fig.  14  Temperature  dependence  of  the  phonon  thermal 
conductivity  X22  of  single-crystal  samples.  1)  pure  bismuth  ; 
(2-7)  Bi]_xSbx  alloys  of  the  compositions  x=0.001  (2),  0.085 
(3),  0.1  (4),  0.12  (5),  0.135  (6),  0.15  (7),  after  [81]. 
Dimensions  of  the  sample  were  :  4x4x40  mm3.  As  in  Bi,  a 
size  effect  was  observed  in  Bi[_xSbx  alloys. 
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where  A  is  a  constant,  oo  refers  to  the  phonons  frequency  and 
T,  which  is  a  measurement  of  the  strength  of  the  scattering,  is 
given  by  : 

r'F‘(‘-t)2  (10) 

where  Mj  is  the  mass  of  the  i*  type  of  impurity,  M  the  mean 
atomic  mass  and  fj  the  fractional  concentration  of  this 
impurity.  Since  the  atomic  masses  of  bismuth  and  antimony 
largely  differs  (Mbj  =  209  and  M$b  =  122),  point-defect 
scattering  phenomena  are  relatively  important. 

The  decrease  of  the  lattice  thermal  conductivity  with  respect  to 
bismuth  is  spectacular  near  the  dielectric  maximum  where  the 
defects  have  a  far  greater  effect  on  the  thermal  conductivity 
than  at  higher  temperature  (Fig.  14). 

Thermoelectric  figure  of  merit 

The  larger  values  of  the  Seebeck  coefficient  and  the  lower 
values  of  the  lattice  thermal  conductivity  in  the  alloys  result 
in  higher  values  of  the  figure  of  merit  than  for  pure  bismuth 
(Fig.  15).  Values  measured  along  the  trigonal  axis  are  higher 
than  those  measured  in  the  basal  plane  (Fig.  15).  This  strong 
anisotropy  reflects  mainly  the  strong  anisotropy  of  the 
thermal  conductivity.  The  temperature  dependence  of  the  figure 
of  merit  is  similar  whatever  the  composition.  It  increases 
slowly  from  300  K  up  to  a  maximum  around  70  K  and  then 
drops  sharply  at  low  temperature. 

Lenoir  et  al.  [83]  have  observed  the  presence  of  two  maxima 
in  the  curve  of  the  figure  of  merit  versus  Sb  content  at  70  K 
in  undoped  Bi-Sb  alloys  (Fig.  16)  corresponding  to  the 
situation  where  the  tops  of  T  and  H  bands  are  on  the  same 
level  than  L  bands,  for  x  =  0.09  and  x  =  0.16.  Such  behaviour 
was  previously  reported  by  Grabov  et  al.  [84]  for  T  =  82  and 
T  =  95  K.  Lenoir  et  al.  [83]  have  qualitatively  interpreted  this 
dependence  as  arising  from  interband  hole  scattering.  Within 
the  composition  range  0.09  <  x  <  0.16,  the  interband 
scattering  is  maximal  when  the  heavy  hole  extremum  is  on 
the  same  level  than  the  light  hole  maximum.  The  figure  of 
merit  may  be  lowered  outside  this  range  because  of  the 
decrease  of  the  thermal  gap.  Therefore,  the  interband  hole 
scattering  may  explain  the  existence  of  the  two  maxima  in  the 
evolution  of  the  figure  of  merit  with  Sb  content  at  low 
temperatures.  The  same  mechanism  can  certainly  also  explain 
why  the  bismuth-antimony  alloys  cannot  be  good  /?-type 
thermoelectric  materials. 


Fig.  15  Temperature  dependence  of  the  figure  of  merit  of 
various  Bii_xSbx  alloys  [70,83,87]. 


Some  recent  results  obtained  on  doped,  by  tin  or  tellurium, 
samples  [37]  do  not  present  any  substantial  increase  of  the 
figure  of  merit  for  T  >  80  K,  as  previously  observed  by  other 
authors  [11,12].  At  lower  temperature,  it  is  possible  to  obtain 
ap-type  thermoelement  with  acceptor  impureties  [11,12,85] 
over  a  small  range  of  temperature  of  about  40  K.  However,  as 
was  discussed  by  Red'ko  [85],  the  conditions  are  not 
favourable  to  obtain  a  high  p- type  figure  of  merit  (the  reported 
values  never  exceed  1  10'3  K_1)  due  to  the  peculiarities  of  the 
complex  valence  band  structure. 

Polycrvstalline  samples 

Powder  metallurgy  has  the  advantage  to  improve  the 
mechanical  properties  of  Bii_xSbx  alloys  but  is  detrimental  to 
the  figure  of  merit  as  a  result  of  the  random  orientations  of  the 
grains.  However  this  adverse  effect  may  be  hindered  by 
significant  reduction  of  the  thermal  conductivity  resulting 
from  phonon  scattering  at  grain  boundaries  at  temperatures 
higher  than  the  Debye  temperature  0d  (9d  =  120  K  in 
bismuth)  like  it  is  known  to  occur  at  high  temperature  for  Si- 
Ge  alloys. 

An  early  work  performed  by  Cochrane  and  Youdelis  [59]  on 
Bio.88Sbo.i2  alloys  synthesized  by  grinding  zone  melted  rods 
has  however  not  shown  preferential  scattering  by  a  particular 
powder  size,  the  main  effects  affecting  the  figure  of  merit 
being  the  variations  in  electrical  resistivity.  Impurities,  such 
as  oxygen  insertion  during  powder  elaboration  may  be  an 
hindering  factor  to  improve  the  figure  of  merit  as  well  as  the 
fact  that  the  powder  particules  were  too  large  (>  38  jam)  to  see 
any  effect.  However,  a  recent  study  by  Suse  et  al.  [57] 
performed  on  the  same  alloy  composition  elaborated  by  arc- 
plasma  showed  an  enhancement  of  the  figure  of  merit  by  a 
factor  two  as  compared  to  a  single  crystal  (Fig.  17),  for 
temperatures  greater  than  150  K,  that  was  attributed  to  phonon 
scattering  at  grain  boundaries  (particle  size  1-5  pm). 


Fig.  16  Antimony  content  dependence  of  the  thermoelectric 
figure  of  merit  at  70  K  of  Bii_xSbx  alloys,  as  reported  in  [83]. 
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The  value  of  the  thermal  conductivity  (1.2  Wm^K'1) 
measured  at  room  temperature  was  found  to  be  two  thirds  of 
that  of  a  single  crystal  along  the  trigonal  axis.  Recently, 
Goldsmid  et  al.  [88]  determined  the  conditions  for  high 
temperature  boundary  scattering  in  solid  solutions  by  a 
simplified  theory.  They  concluded  that  it  is  possible  to  obtain 
even  larger  reductions  in  the  thermal  conductivity  if  the  grain 
size  is  decreased  to  a  fraction  of  a  micrometer  (reduction  of  50 
%  for  a  size  of  0.13  (im).  However  they  have  not  discussed 
the  change  in  electrical  resistivity  that  accompany  boundary 
scattering. 

Another  way  to  improve  the  figure  of  merit  of  polycrystalline 
samples  is  to  texture  the  powder  by  extrusion.  Banaga  et  al. 
[60]  have  shown  that  the  figure  of  merit  of  extruded 
Bio.88Sbo.i2  alloys  prepared  by  grinding  zone  melted  rods 
exceed  the  computed  average  value  for  single  crystals  (Fig.  17) 
in  the  entire  temperature  range  studied  (80-300  K),  due  to  both 
the  presence  of  a  favourable  texture  and  potential  barriers 

Thin  films 

Data  reported  on  the  transport  properties  of  Bi-Sb  thin  films 
are  relatively  scarce  [89-94],  The  comparison  between  the 
several  results  is  rendered  difficult  because  of  the  differences  in 
thickness  of  the  prepared  films  as  well  as  of  measurement 
problems  concerning  the  thermal  conductivity. 

Films  have  been  prepared  by  ion  beam  mixing  [89],  thermal 
evaporation  [91,92],  molecular  beam  epitaxy  [93]  or 
sputtering  [94,95], 

The  thickness  dependences  of  the  thermal  conductivity  and 
figure  of  merit  have  been  reported  by  Volklein  and  Kessler  for 
several  compositions  of  BixSbi.x  alloys  [91],  The  figure  of 
merit  decreases  with  decreasing  thickness,  whatever  the  alloy 
composition  and  the  temperature.  Such  effect  has  also  been 
observed  by  Boyer  and  Cissd  [92]  for  Bio.s7Sbo.13  thin  films 
alloys.  Both  authors  [91,92]  have  observed  that  the  figure  of 
merit  of  bulk  materials  is  reached  at  room  temperature  for  this 
specific  composition  since  a  film  thickness  of  about  150  nm. 


Etg.  17  Temperature  dependence  of  the  figure  of  merit  of 
Bio.88Sbo.12  polycrystalline  samples.  The  shift  of  maximum 
towards  higher  temperature  with  regard  to  the  single  crystal 
seems  to  be  a  simple  consequence  of  the  drop  of  Z  at  low 
temperature  where  any  defects  strongly  manifest. 


Temperature  dependence  behaviours  of  the  semiconducting 
thin  films  show  that  the  maximum  of  the  figure  of  merit  is 
located  in  the  temperature  range  between  200  and  300  K, 
shifted  towards  higher  temperature  by  comparison  with  bulk 
materials,  as  it  has  already  been  observed  for  compacted 
powder  materials  [56,57].  The  highest  value  of  the  figure  of 
merit  is  however  one  order  of  magnitude  lower  for  thin  films 
than  for  bulk  single  crystalline  materials. 

In  order  to  enhance  the  film  quality  for  further  uses  in 
quantum  wells  as  it  has  been  predicted  an  improvement  of  the 
figure  of  merit  in  such  structures  [96],  Bio.86Sbo.14  films  were 
recently  grown  epitaxially  on  BaF2  substrates  by  sputtering 
[95].  Electrical  measurements  show  an  enhancement  of  the 
electrical  resistivity  as  compared  to  bismuth  films  as  it  is  also 
happening  with  bulk  materials.  The  thickness  of  the  films 
was  nevertheless  not  mentionned. 

Concluding  remarks 

The  main  aspects  of  Bi-Sb  alloys  have  been  presented  in  this 
survey  including  both  the  preparation  and  the  transport 
properties.  Most  of  the  experimental  results  have  been 
qualitatively  described.  For  a  quantitative  analyse,  the  effects 
of  band  non-parabolicity  and  the  large  temperature  dependence 
of  the  band  parameters  have  to  be  taken  into  consideration. 
Moreover,  the  scattering  mechanisms  still  remain  a  challenge 
to  our  understanding  of  these  materials  particularly  in  the 
intrinsic  range. 

The  great  thermoelectric  performances  of  Bi-Sb  single  crystals 
around  80  K  are  due  to  the  peculiarities  of  the  electronic  L- 
band.  Little  or  none  improvement  in  the  figure  of  merit  of 
single  crystals  has  been  achieved  since  the  first  works  of 
Smith  and  Wolfe  [11].  The  observed  discrepancies  are 
generally  linked  to  the  problem  of  sample  homogeneity.  Even 
doping  attempts  were  unsuccessful!. 

Some  promising  results  obtained  on  bulk  samples  prepared 
via  powder  metallurgy  make  these  materials,  also 
mechanically  strong,  good  prospects  for  use  in  solid  state 
devices  working  around  150  K.  However,  sample  preparation 
and  history  are  important  and  need  to  be  taken  into 
consideration  before  conclusions  can  be  drawn  about  the  degree 
of  effectiveness  of  grain  boundary  scattering  in  improving 
thermoelectric  materials. 

TTie  possibility  of  improve  figure  of  merit  cannot  be 
dismissed  and  work  with  this  aim  should  be  encouraged. 
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Abstract 

In  1961,  Cosgrove,  McHugh  and  Tiller  reported  the  effect  of 
micro-segregation  in  fast-grown  bismuth  telluride  on  the 
thermal  conductivity.  They  attributed  a  significant  increase 
in  this  property  to  the  presence  of  circulating  electric  currents 
associated  with  the  non-uniform  Seebeck  coefficient  in  the 
inhomogeneous  material.  If  this  effect  is  an  important  one, 
then  it  could  seriously  impair  the  performance  of 
thermoelements  made  from  polycrystalline  BiSb  alloys  since, 
even  if  such  materials  are  chemically  homogeneous,  they  will 
have  local  variations  of  the  Seebeck  coefficient  associated 
with  the  anisotropy  of  this  parameter  in  single  crystals. 

We  now  think  that  circulating  thermoelectric  currents  are  not 
the  main  reason  for  the  increase  of  thermal  conductivity  in 
inhomogeneous  bismuth  telluride.  Such  currents  should  have 
an  even  smaller  effect  in  BiSb  alloys  and  should  not  cause 
any  substantial  decrease  in  the  figure  of  merit.  This  is  borne 
out  by  measurements  on  the  thermal  conductivity  of  large¬ 
grained  polycrystalline  BiSb  alloys.  Using  a  technique  for 
the  determination  of  the  electronic  component  that  is 
described  elsewhere,  it  has  been  found  that  the  residual 
thermal  conductivity  is  very  close  to  the  lattice  component 
that  is  predicted  form  observations  on  single  crystals.  This 
would  not  be  so  if  there  were  any  significant  heat  transfer  by 
internal  circulating  currents. 

Introduction 

An  important  step  towards  the  production  of  consistently 
good  thermoelectric  material  was  made  by  Cosgrove  et  al.1  in 
1961  when  they  observed  the  effects  of  growth  rate  and 
temperature  gradient  in  a  Bridgman  furnace  on  the  properties 
of  BiSbTe3.  They  paid  particular  attention  to  the  thermal 
conductivity,  A..  After  subtracting  the  Wiedemann-Franz 
electronic  component,  A.W_F,  they  found  that  the  remaining 
term  showed  considerable  variation  from  sample  to  sample. 
It  became  larger  when  either  the  temperature  gradient,  dT/dZ, 
in  the  furnace  was  reduced  or  the  rate  of  movement,  V,  of  the 
liquid-solid  interface  was  increased.  Their  observations  are 
summarized  in  Fig.  1. 
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Figure  1.  Plot  of  residual  thermal  conductivity  against 
the  ratio  of  growth  rate  to  furnace  gradient  according  to 
Cosgrove  et  al. 

The  explanation  for  the  behavior  shown  in  Fig.  1  was 
claimed  by  the  authors1  to  lie  in  non-uniformity  of  the 
material,  arising  from  the  micro-segregation  or  constitutional 
supercooling  that  occurred  when  V/(dT/dZ)  became  large. 
They  stated  that  this  non-uniformity  would  lead  to  local 
variations  of  the  Seebeck  coefficient  so  that,  when  a 
temperature  gradient  was  applied,  circulating  thermoelectric 
currents  would  flow.  These  currents  would  transfer  heat 
through  the  Peltier  effect.  Presumably  such  circulatory 
effects  will  be  present  in  any  material  in  which  the  Seebeck 
coefficient  is  non-uniform. 

Since  the  time  when  Cosgrove  and  his  colleagues  carried  out 
their  work,  there  has  been  considerable  interest  in  the  use  of 
polycrystalline  bismuth  telluride  alloys  prepared  by  sintering. 
Such  alloys  may  be  chemically  uniform  but  their 
thermoelectric  properties  may  vary  within  a  sample  due  to  the 
anisotropy  of  the  single  crystal  parameters.  However,  the 
Seebeck  coefficient  is  either  isotropic  or  nearly  so,  and  the 
possibility  of  internal  circulating  thermoelectric  currents  does 
not  arise.  On  the  other  hand,  in  BiSb  alloys  the  Seebeck 
coefficient  is  strongly  anisotropic.  Thus,  if  circulating 
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thermoelectric  currents  degrade  the  figure  of  merit  in  non- 
uniform  bismuth  telluride  alloys,  through  an  increase  in  the 
thermal  conductivity,  so  might  they  be  expected  to  do  so  in 
uniform  but  randomly  oriented  polycrystals  of  BiSb. 

Bismuth  Telluride 

Let  us  first  examine  the  origin  of  the  high  thermal 
conductivity  in  bismuth  telluride  that  has  been  grown  too  fast. 
It  is  certainly  true  that  internal  currents  will  flow  if  the 
Seebeck  coefficient  is  non-uniform.  However,  let  us  consider 
the  magnitude  of  the  effect  in  the  rather  extreme  case  where 
half  the  material  consists  of  p-type  bismuth  telluride  with  a 
Seebeck  coefficient,  ab  of  200  pV/K,  and  the  other  half 
consists  of  n-type  material  with  a  Seebeck  coefficient,  a2,  of 
-200  pV/K.  This  would  surely  lead  to  the  largest  possible 
circulatory  effect. 

We  can  get  some  idea  of  the  magnitude  of  the  effect  from  the 
studies  of  the  thermal  conductance  of  thermoelectric  modules 
in  the  open-circuit  and  short-circuit  conditions.23  The 
difference  between  the  two  thermal  conductances  has  been 
used  to  determine  the  figure  of  merit  in  an  alternative 
technique4  to  that  employed  by  Harman.5  Briefly,  if  K*  is  the 
short-circuited  thermal  conductance  and  K  is  the  usual  open- 
circuit  value, 


K*  =  K(l+zT),  (1) 

where  zT  is  the  dimensionless  figure  of  merit. 

The  situation  in  the  non-uniform  sample  that  we  are 
discussing  is  somewhat  similar  to  that  for  a  bipolar 
conductor.  It  can  be  shown6  that  the  bipolar  contribution  to 
the  thermal  conductivity  of  a  mixed  conductor  is 

^bip={°i°2/(ai  +  o2)}(a,-a2)T  (2) 

Where  ot  and  o2  are  the  partial  electrical  conductivities  of  the 
holes  and  electrons  respectively.  The  only  difference 
between  the  non-uniform  case  and  the  bipolar  case  is  that,  in 
the  former,  each  type  of  material  contributes  its  own  lattice 
conductivity  while,  in  the  latter,  the  lattice  conductivity  is 
shared  by  the  two  types  of  conductor.  Consequently, 
equation  (1),  rather  than  equation  (2),  gives  the  thermal 
conductance  of  a  non-uniform  sample  containing  two 
constituents. 

Now  the  very  largest  value  for  the  dimensionless  figure  of 
merit  of  a  thermocouple  composed  of  bismuth  telluride  alloys 
is  close  to  unity.7  We  see,  then,  that  it  would  be  possible,  in 
principle,  for  the  thermal  conductivity  of  a  bismuth  telluride 
alloy,  such  as  that  studied  by  Cosgrove  et  al.,  to  be  almost 
doubled  by  internally  circulating  thermoelectric  currents. 
However,  it  would  be  virtually  impossible  to  obtain  a 
material  with  the  specific  non-uniformity  described  by  our 


model  and,  in  practice,  one  would  expect  a  very  much  smaller 
contribution  to  the  thermal  conductivity  from  internal 
currents.  This  is  much  more  consistent  with  the  observations 
of  Yim  and  Rosi7,  who  also  studied  the  effect  of  growth  rate 
and  furnace  gradient  on  the  thermoelectric  properties.  The 
dependence  of  the  residual  thermal  conductivity,  on 

the  growth  rate  for  p-type  and  n-type  alloys  is  shown  in  Fig. 
2.  The  temperature  gradient  was  said  to  be  25  K  cm'1  and,  at 
the  highest  growth  rate  of  about  10  cm  hr-1,  the  value  of 
V/(dT/dZ)  was  close  to  0.4  cm2  K'1  hr1  .  The  rise  of  the 
residual  thermal  conductivity  with  growth  rate  was 
appreciably  less  than  that  reported  by  Cosgrove  et  al., 
especially  for  the  p-type  material. 


V/(dT/dZ)  (cm2  hr*1  K*1) 


Figure  2.  Residual  thermal  conductivity  plotted  against 
growth  rate  for  the  alloys  used  by  Yim  and  Rosi. 


Is  it  possible  to  account  of  the  fact  that  Cosgrove  et  al. 
observed  almost  twice  the  residual  thermal  conductivity  for 
rapidly  grown  BiSbTe3  compared  with  that  for  slowly  grown 
material?  It  is,  perhaps,  difficult  to  explain  quite  such  a  large 
increase  as  this,  but  we  may  go  some  way  towards  an 
explanation  if  we  consider  the  effect  of  the  variation  of 
thermal  conductivity  with  carrier  concentration  in  uniform 
samples  of  this  alloy. 
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Figure  3.  Variation  of  thermal  conductivity  with 

electrical  conductivity  for  p-type  bismuth  telluride  at 
300K. 

Undoped  samples  of  BiSbTe3  that  are  melt  grown  are  not 
stoichiometric  but  are  p-type  with  a  typical  electrical 
conductivity  of  between  0.5  and  l.OmQ'1  cm'1.  There  are 
interesting  consequences  for  the  Lorenz  number  and,  thus,  for 
the  electronic  thermal  conductivity  when  the  carrier 
concentration  rises  or  falls.  When  the  electronic  conductivity 
becomes  greater,  the  electronic  thermal  conductivity  rises 
even  more  rapidly  as  the  Lorenz  number  approaches  its  value 
for  metals,  which  is  larger  than  that  for  extrinsic 
semiconductors.  When  the  electronic  conductivity  falls,  the 
Lorenz  number  becomes  very  much  greater  due  to  bipolar 
heat  conduction8  so  that  the  electronic  thermal  conductivity 
again  rises.  The  effects  are  illustrated  for  bismuth  telluride  in 
Fig.  3  and  would  be  relatively  greater  for  BiSbTe3  since  the 
lattice  conductivity  of  the  alloy  is  appreciably  less  than  that 
of  the  compound.  According  to  Rosi  et  al.9  the  lattice 
conductivity  of  BiSbTe3  is  about  0.6  W  m'1  K1  and,  as 
shown  in  Fig.  3,  the  electronic  component  in  bismuth 
telluride  rises  by  this  much  on  either  side  of  its  minimum 
value.  It  appears,  then,  that  Cosgrove  and  his  co-workers 
were  misled  in  calculating  a  residual  thermal  conductivity  by 
subtracting  an  electronic  component  determined  using  a 
Lorenz  number  that  is  typical  for  non-degenerate  extrinsic 
semiconductors.  If  they  had  taken  account  of  the  larger 
Lorenz  numbers  that  would  have  been  appropriate  for  much 
of  the  non-uniform  material,  they  would  probably  have 
deduced  only  a  minor  contribution  to  the  thermal 
conductivity  from  circulating  currents. 


contain  both  holes  and  electrons  even  when  produced  with 
the  thermoelectric  application  in  mind.  The  Seebeck 
coefficient  can  be  calculated  from 

a  -  (o^a,  +  a2o2)/(a1  +  a2)  (3) 

and  is  different  in  the  “a”  and  “c”  directions.  Thus,  even  if 
the  material  is  chemically  homogeneous,  the  Seebeck 
coefficient  will  vary  from  point  to  point  in  a  sample 
according  to  the  direction  of  the  current.  Thus,  the  conditions 
exist  for  internal  circulating  currents  to  occur.  The  question 
is,  whether  or  not  these  currents  are  large  enough  to  have  any 
appreciable  effect  on  the  thermal  conductivity. 

We  consider  first  the  case  of  pure  bismuth.  The  necessary 
data  for  this  element  have  been  given  by  Gallo  et  al.10  who 
made  measurements  on  single  crystals  along  the  principal 
axes.  The  data  at  100  K  are  shown  in  Table  1. 


a(mV  K') 

a(Q‘®  nr1) 

MWm-'K-') 

“a”  axis 

-40 

2.5  x  106 

18 

“c”  axis 

-90 

2.5  x  106 

13 

Table  1  Properties  of  bismuth  in  the  “a”  and  “c”  directions  at 
100K. 


Thus,  the  figure  of  merit,  z,  of  a  couple  between  two  crystals 
of  bismuth  aligned  respectively  in  the  “a”  and  “c”  directions 
is  1.0  x  10  4K  !,  with  ZT  equal  to  1.0  x  10 2. 

This  means  the  contribution  of  circulating  currents  to  the 
thermal  conductivity  of  polycrystalline  bismuth  could  not  be 
more  than  1%.  In  fact,  we  would  expect  it  to  be  much 
smaller  than  this  because  the  grains  within  a  sintered  sample 
would  not  be  aligned  at  right  angles  to  one  another  but  would 
take  up  all  possible  orientations. 

Turning  to  the  BiSb  alloys,  we  might  expect  the  anisotropy  of 
the  Seebeck  coefficient  to  be  of  the  same  order  as  for  pure 
bismuth  but  the  lattice  thermal  conductivity  would  be  reduced 
and  one  may  predict  that  the  figure  of  merit  of  a  couple 
formed  from  two  single  crystals  of  a  typical  alloy,  aligned 
respectively  in  the  “a”  and  “c”  directions,  would  be  a  few 
times  higher  than  for  Bi.  Nevertheless,  in  any  randomly 
oriented  sample  the  contribution  to  the  thermal  conductivity 
from  circulating  currents  would  have  to  be  on  the  order  of 
1%. 

Experimental  Results  for  Bi88Sb12 


Bismuth-Antimony  We  report  elsewhere  a  technique  that  we  have  used  to 

determine  the  lattice  thermal  conductivity  of  BiSb  alloys. 
The  BiSb  alloys  differ  from  bismuth  telluride  alloys  in  that,  Briefly,  we  have  measured  the  thermal  and  electrical 

because  of  their  smaller  (or  non-existent)  energy  gap,  they 
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conductivities  in  transverse  magnetic  fields  of  up  to  1  Telsa. 
By  comparing  the  field  dependencies  of  the  two 
conductivities  we  have  been  able  to  estimate  the  electronic 
component  of  the  thermal  conductivity,  and  we  have  thus 
been  able  to  obtain  the  residual  contribution,  XL. 

Applying  this  technique  to  a  large  grained  (50  pm)  sample  of 
Bi88Sb12  for  which  boundary  scattering  of  the  phonons  can 
safely  be  ignored,  we  find  a  residual  thermal  conductivity  of 
2.3  W  m*1  K'1  at  80K.  We  selected  this  composition  and 
temperature  because  Horst  and  Williams11  have  determined 
the  lattice  conductivity  of  a  single  crystal  of  Bi88Sb12  at  80  K. 
They  found  XL  to  be  3 . 1  W  m'1  K1  in  the  “a”  direction  and  1 .5 
W  nr1  K1  in  the  “c”  direction.  Now  there  are  two  “a” 
directions  to  one  “c”  direction  in  the  bismuth  crystal 
structure.  Thus,  if  we  wish  to  estimate  the  lattice 
conductivity  of  polycrystalline  material  from  the  single 
crystal  values  we  should  perhaps  take  a  mean  that  is  weighted 
2: 1  in  favor  of  the  “a”  direction.  The  weighted  mean  has  a 
value  of  2.6  W  m'1  K'1 .  The  fact  that  the  experimentally 
determined  residual  thermal  conductivity  for  the 
polycrystalline  material  is  not  greater  than  this  predicted 
value  (it  is  marginally  less)  seems  to  be  a  good  indication  that 
circulating  thermoelectric  currents  can  be  ignored. 


London,  p.  45  (1986). 
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Conclusions 

We  have  shown  that,  while  circulating  thermoelectric 
currents  undoubtedly  flow  in  non-uniform  bismuth  telluride 
and  its  alloys,  they  are  unlikely  to  make  a  large  contribution 
to  the  thermal  conductivity.  The  high  thermal  conductivities 
observed  by  Cosgrove  and  his  colleagues  for  BiSbTe3  grown 
under  conditions  in  which  constitutional  supercooling 
occurred,  can  be  more  probably  be  explained  in  terms  of  the 
high  electronic  thermal  conductivities  on  either  side  of  the 
optimum  thermoelectric  composition. 

It  has  been  shown  that  the  figure  of  merit  of  a  couple  formed 
from  crystals  of  bismuth  or  BiSb  oriented  in  the  “a”  and  “c” 
directions  is  too  small  to  allow  circulating  thermoelectric 
currents  to  make  any  significant  contribution  to  the  heat  flow. 
This  is  supported  by  experimental  data  on  polycrystalline  and 
single  crystal  Bi88Sb12. 
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Abstract 

To  study  the  mechanical  alloying  process  and  the  properties 
of  thermoelectric  semiconductor  with  fine  dispersed  ceramic 
particles,  Bi-Sb  alloys  with  addition  of  fine  BN  and  Zr02  were 
prepared  by  mechanical  alloying.  The  milled  powders  were 
sintered  by  hot  pressing.  The  Bi^Sb^  solid  solution  with  fine 
dispersion  of  BN  and  ZrCL  ceramic  particles  were  successfully 
synthesized.  The  sinterecf  composites  show  very  fine  micro- 
structures  in  which  average  grain  size  are  less  than  one  micron. 
The  thermal  properties  of  composites  were  measured  by  laser 
flash  method  at  room  temperature.  The  electrical  properties 
were  measured  by  Van  der  Pauw  method  at  room  temperature 
and  at  77  K.  The  BN  addition  has  obtained  larger  reduction  of 
thermal  conductivity  compared  to  Zr02.  The  thermal  conduc¬ 
tivity  has  been  reduced  to  20%  of  the  reported  value  of  Bi-Sb 
single  crystal,  which  achieved  with  10  vol%  addition  of  BN. 

1.  Introduction 

The  mechanical  alloying  (MA)  method  has  been  applied  in 
various  fields(1W3)  of  material  research.  MA  process  has  such 
practical  merits  that : 

(1)  very  wide  scale  of  alloy  composition  is  available 

(2)  multi  phase  composite  can  be  prepared 

(3)  nano  scale  crystal  structure  can  be  realized. 

With  these  characteristics,  sintered  composites  made  by  MA 
powders,  have  very  fine  crystal  grains  and  very  large  amount  of 
grain  boundary.  The  phonons  which  carry  the  heat  energy  in 
semiconductor  crystals  are  scattered  at  grain  boundary,  so,  we 
can  expect  enhancement  of  the  thermoelectric  figure  of  merit 
by  sintering  MA  powder. 

Furthermore,  the  method  of  introducing  ultrafine  scattering 
center  for  phonon,  is  considered  to  be  effective  for  reducing 
thermal  conductivity  of  thermoelectric  materials.  Fleurial(4H5) 
calculated  the  reduction  of  thermal  conductivity  by  dispersed 
nano  scale  fine  ceramic  particles.  Such  fine  paricle  dispersion 
will  be  prepared  also  by  MA  process. 

The  present  work  concentrates  on  MA  process  and  the  effect 
of  fine  dispersed  ceramic  powders  in  thermoelectric  materials. 
The  n-type  Bi-Sb(6M7)solid  solution,  which  is  the  known  best 
material  in  low  temperature  region  thermoelectric  conversion, 
used  as  the  model  material.  The  effect  of  milling  condition  and 
the  additive  amount  on  the  microstructure  development  and  on 
the  thermoelctrical  properties  were  studied. 

2.  Experimental  Procedure 
£1)  mechanical  alloying 

The  average  particle  size  and  the  transport  porperties  of 
starting  powders,  Bi,  Sb,  BN  and  Zr02,  are  shown  in  Table  1. 
The  composition  of  Bi-Sb  solid  solution  is  fixed  to  7.5  at%  Sb. 
The  reported  works<6)  (7)  on  Bi-Sb  solid  solution  show  that  this 
system  becomes  spontaneously  n-type  semiconductor,  and  the 
best  thermoelectric  performance  appears  in  Sb  content  region 
from  7  to  12  at%.  In  considering  these  results,  we  used  the 
lower  end  of  this  region  as  the  trying  composition. 


The  volume  fraction  of  dispersed  fine  ceramic  powders  are 
changed  to  2.0,  6.0  and  10.0  vol%.  The  blended  powders  are 
mechanical  alloyed  using  stainless  tumbler  vessel  and  carbon 
steel  milling  balls.  The  milling  time  were  changed  to  48,  100, 
200  h  long.  The  Ar  atmosphere  was  used  in  MA.  The  size  of 
the  milling  pot  was  70  mm  in  diameter,  135  mm  in  length.  And 
the  milling  ball  size  was  12.7  mm  in  diameter.  The  filling  ratio 
of  milling  ball  was  50  vol  %  of  the  milling  pot.  The  weight 
ratio  of  filled  powder  to  the  milling  balls  is  1  /  62. 

(2)  compaction  and  sintering 

The  milled  powders  were  compacted  in  metal  die  at  a 
pressure  of  110  MPa  ,  then  cold  isostatic  pressed  at  200  MPa. 
The  compacts  were  sinterdby  hot  pressing  in  Al^  die  under 
a  pressure  of  70  MPa  at  543K  for  60  min.  The  sintering  atmo¬ 
sphere  was  Ar  +  5%^  gas  flow. 

(3)  heat  treatment 

Some  of  the  as-sintered  BiSb  composites  were  heat  treated 
to  clarify  the  influence  of  recovery  and  recrystalization  of  the 
microsturucture  on  the  thermoelectric  properties.  The  treatment 
was  done  in  10'3Torr  vacuum  level  at  543  K  for  48  h. 

(£l . mlcrostmctureemlmdon 

To  see  the  completeness  of  alloying  process  ,  starting  pow¬ 
ders  and  milled  powders  were  examined  by  x-ray  diffraction. 
The  microstructure  of  sinterd  composites  were  observed  with 
TEM.  The  TEM  samples  are  prepared  by  polishing  with  Al^ 
paste  and  by  Ar  ion  milling. 

(5)  measurement  of  thermal  conductivity 

The  thermal  conductivity  of  sintered  Bi-Sb  composites  was 
measured  by  laser  flash  method  at  room  temperature.  The 
samples  were  prepared  by  cutting  the  samples  into  a  cylindrical 
shape  of  10mm  in  diameter  and  1mm  in  thickness. 

(6)  measurement  of  electrical  porperties 

The  electrical  resistivity  and  the  Hall  coefficient  of  the  sin¬ 
tered  composites  were  measured  by  Van  der  Pauw  method  at  77 
K  and  at  300  K.  With  the  measured  Hall  coefficient  the  carrier 
density  and  the  carrier  mobility  were  calculated.  The  measuring 
current  was  10  mA  and  the  magnetic  field  was  3078  G. 


Table  1  Thermal  and  electrical  properties  and  average 
particle  size  of  the  starting  powders. 


Thermal 

Electrical 

Average 

STARTING 

Conductivity 

Resistivity 

Particle 

MATERIAL 

at  300  K 

at  300  K 

Size 

[W/citiK-1] 

[  O  cm] 

[^m] 

Bi 

1.9 

X 

CN 

1 

O 

i-f 

1.16 

X 

10"2 

15.6 

Sb 

4.2 

X 

10“2 

4.2 

X 

CM 

0 

rH 

55 

h-BN 

6.3 

X 

10+2 

1 

X 

CM 

O 

H 

5 

Z  3T  O2 

(3mol%Y203) 

3.3 

X 

10“2 

> 

CM 

1 

O 

H 

0.3 
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3.  Results  and  Discussion 

Phase  analysis 

The  x-ray  diffraction  patterns  of  blended  powder  (before 
M.A.)  and  mechanical  alloyed  Bi-7.5at%Sb  powders  with 
6vol%BN  and  6vol%ZrO  additives  are  shown  in  Fig.l.  The 
diffraction  peaks  of  Sb  had  vanished  afrer  mechanical  alloying, 
and  the  profile  shows  formation  of  Bi-Sb  solid  solution.  The 
peaks  from  BN  and  Zr02  single  phases  were  not  detected. 


Fig.  1  XRD  patterns  of  sintered  Bi-7.5at%Sb  composites, 
(a)  starting  powder  (b)  MA  with  6vol%  BN  and  sintered 
(c)  MA  with  6vol%  Zr02  and  sintered. 


TEM  observation 

The  TEM  micrographs  of  sintered  Bi-Sb  composites  are 
shown  in  Fig.2.  Micrograph  (a)  shows  Bi-Sb  with  6vol%  BN 
addition,  milled  for  48  h.  Micrograph  (b)  shows  Bi-Sb  with 
6vol%  BN  addition  milled  for  100  h.  Micrograph  (c)  shows  Bi- 
Sb  with  6vol%  Zr02  addition,  milled  for  100  h.  "Hie  average 
grain  sizes  were  130nm  in  (a),  90nmin  (b)  and  300nm  in  (c). 
As  shown  in  the  micrographs,  the  grain  size  of  Bi-Sb  composite 
was  influenced  by  MA  condition  very  much.  The  grain  size 
varies  from  nano  scale  order  to  submicron  scale  order  for  the 
same  chemical  composition.  Comparing  the  fineness  of  crystal 
grain  structure,  with  BN  addition  the  finer  grain  structure  was 
obtained  compared  to  the  Zr02  addition  of  the  same  milling 
time.  In  case  of  MA  without  ceramic  additives,  the  average 
grain  size  become  about  50  nm,  which  is  still  finer  than  the 
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Fig.3  Carrier  density  of  mechanical  alloyed  and  hot  pressed 
Bi-7.5at%  Sb  powders,  with  addition  of  6vol%BN  or  6vol% 
Zr02,  as  a  function  of  milling  time. 


Fig.4  Carrier  mobility  of  mechanical  alloyed  and  hot  pressed 
Bi-7.5at%  Sb  powders,  with  addition  of  6vol%BN  or  6vol% 
Zr02,  as  a  function  of  milling  time. 


grain  sizes  with  ceramic  addition.  The  ceramic  particles  are 
considered  to  act  as  an  inhibitor  of  fine  crystal  grain  formation. 
The  uniformity  of  ceramic  particle  dispersion  is  also  influenced 


Fig.2  TEM  images  of  mechanical  alloyed  and  hot  pressed  Bi-7.5at%Sb  powders,  (a)  addition  of 
6vol%BN,  MA  24h  (b)  addition  of  6vol%BN,  MA  lOOh  (c)  addition  of  6vol%Zr02,  MA  lOOh. 
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by  milling  lime.  Comparing  micrograph  (a)  and  (b) ,  the  disper¬ 
sion  of  BN  particle  become  more  uniform  with  increasing  mill¬ 
ing  time. 

Carrier  density 

The  carrier  density  of  the  mechanical  alloyed  Bi-Sb  compos¬ 
ites  are  shown  in  Fig.3  as  a  function  of  milling  time.  The  addi¬ 
tive  amount  was  6  vol%  for  both  of  BN  and  Zr02.  The  all 
samples  showed  negative  seebeck  coefficient ,  so  the  majority 
carrier  is  considered  to  be  electron.  The  carrier  density  at  300 
K  are  higher  than  those  at  77  K  for  all  samples,  which  is 
considered  to  be  caused  by  thermal  activation  of  conduction 
electrons.  The  carrier  density  decreased  with  milling  time  at 
first,  then  increase  slightly  with  milling  time.  It  is  considered 
that  these  changes  are  related  to  the  amount  of  lattice  deffects 
which  accumulated  through  MA  process.  If  the  lattice  deffects 
work  as  donor  sites,  the  carrier  density  change  can  be  related  to 
the  microstructure  development  in  MA  process.  The  variation 
of  the  influence  of  the  ceremic  particles  on  carrier  density 
change  ,  is  also  considered  to  be  caused  by  differenct  way  of 
microstructuie  development. 

Carrier  mobility 

In  Fig.4,  the  carrier  mobility  of  the  mechanical  alloyed  Bi- 
Sb  composites  with  6  vol%  for  both  of  BN  and  Zr02  are  shown 
as  a  function  of  milling  time.  The  mobility  at  77K  were  higher 


Milling  time,  t/h 

Fig.5  Electrical  resistivity  of  mechanical  alloyed  and  hot 
pressed  Bi-7.5at.%Sb  powders,with  addition  of  6vol% 
BN  or  6vol%  Zr02 ,  as  a  function  of  milling  time. 


Volume  fraction  of  additive,  Vf/vol% 

Fig.6  Electrical  resistivity  of  mechanical  alloyed  and  hot 
pressed  Bi-7.5at%Sb  powders,  as  a  function  of  volume 
fraction  of  additive.  ( MA  milling  time  :  48h ) 


than  those  at  300  K  which  implies  the  small  scattering  prob¬ 
abilities  of  electrons  in  low  temperature  region.  The  relation 
between  the  milling  time  and  the  carrier  mobility  is  not  simply 
discriminated,  because  in  the  present  work,  dispersion  of  BN  or 
Zr02  fine  particles  occur  simultaniously  with  MA  progress. 
This  problem  should  be  examined  separately  through  another 
way  of  composite  preparation,  i.e.,  using  prealloyed  Bi-Sb 
powders  as  starting  material. 

Electrical  resistivity 

In  Fig.5,  the  electrical  resistivity  of  the  mechanical  alloyed 
Bi-Sb  composites  with  the  same  BN  and  Zr02  content  are 
shown  as  a  function  of  milling  time.  In  the  case  of  BN  addition, 
the  electrical  resistivity  increased  first  slightly  with  milling 
time,  then  decreased  for  longer  milling  time.  This  may  be  re¬ 
lated  to  the  accumulation  of  lattice  defects  in  MA  process,  as  is 
already  mentioned.  On  the  other  hand,  with  Zr02  addition,  the 
electrical  resistivity  did  not  show  appreciable  variation  with 
milling  time.  This  is  considered  to  be  due  to  slow  progress  of 
Zr02  dispersion  ,  as  shown  in  micrograph  (c)  in  Fig.2. 

In  Fig.6,  the  electrical  resistivity  versus  volume  fraction  of 
additives,  are  shown.  The  milling  time  were  fixed  to  48  h.  With 
increase  in  additive  amounts,  the  electrical  resistivity  increased 
for  all  samples.  This  is  considered  to  be  caused  by  the  enhance¬ 
ment  of  electron  scattering  at  the  boundaries  of  Bi-Sb  matrix 
and  ceramic  powder  particles,  that  is,  non  conductive  materials, 
as  shown  in  Table  1. 

Thermal  CQndugti,yity 

The  thermal  conductivity  of  the  mechanical  alloyed  Bi-Sb 
composites  are  shown  in  Fig.7  as  a  function  of  milling  time. 
The  thermal  conductivity  decreased  with  increase  in  milling 
time.  This  is  considered  to  be  caused  by  : 

(1)  increase  grain  boundary  area  in  MA  progress 

(2)  finer  dispersion  of  addtives  in  MA  progress. 

The  thermal  conductivity  reduction  was  not  same  for  BN  and 
ZrO^.  The  difference  came  from  the  different  influence  of  each 
additives  on  microstructure  formation  in  MA  process.  But  the 
thermal  conductivity  values  became  almost  constant  for  both 
additives,  at  the  milling  time  of  more  than  100  h.  It  is  related  to 
full  dispersion  of  added  materials  under  the  ball  milling  energy 
condition  of  the  present  work. 

The  thermal  conductivities  as  a  function  of  volume  fraction 
of  addives  for  the  mechanical  alloyed  Bi-Sb  composites  are 
shown  in  Fig. 8.  The  milling  time  were  48  h  for  all  plots. 
Though  the  thermal  conductivy  of  BN  and  Zr02  were  higher 
than  that  of  the  Bi-Sb  alloy,  the  thermal  conductivity  of  the 


Milling  time,  t/h 

Fig.7  Thermal  conductivity  of  mechanical  alloyed  and 
hot  pressed  Bi-7.5at%Sb  powders,  with  addition  of  6vol% 
BN  or  6vol%  Zr02,  as  a  function  of  milling  time. 
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composites  decreased  with  increase  in  ceramic  additive 
amount.  This  implies  the  enhancement  of  phonon  scattering  at 
the  boundary  between  the  Bi-Sb  matrix  and  the  ceramic  addi¬ 
tives  occured  effectively.  The  thermal  conductivity  was  re¬ 
duced  to  20%  of  reported  value  of  Bi-Sb  single  crystal®  with 
the  condition  of  10vol%  BN  addition  and  milling  time  for  48  h. 

As  described  above,  by  sintering  the  Bi-Sb  powders  which 
were  prepared  via  mechanical  alloying  with  addition  of  fine  ce¬ 
ramic  particles,  we  can  obtaine  Bi-Sb  composite  with  nano 
scale  fine  grain  structure.  Such  fine  microstructure  showed 
very  large  thermal  conductivity  reduction,  but  at  the  same  time 
the  electrical  resistivity  increased.  To  reduce  the  electrical  re¬ 
sistivity  retaining  the  low  thermal  conductivity,  heat  treatment 
experiment  of  the  composites  were  examined.  The  thermal  and 
the  electrical  properities  of  as-sintered  and  annealed  Bi-Sb 
composites  are  shown  in  Table  2.  The  additive  was  ZrO  and 
the  amount  were  6  vol%  and  10  vol%.  The  annealing  was  done 
at  533  K  for  48  h  in  10'3  Torr  vacuum.  After  annealing,  the  elec¬ 
trical  resistivity  decreased.  The  electrical  resistivity  could  be 
reduced  to  60%  in  this  condition.  It  should  be  studied  in  more 
detail  how  to  gain  optimum  condition  for  reduction  of  electrical 
resistivity,  keeping  the  low  level  thermal  conductivity. 

4.  Summary 

Bi-Sb  thermoelectric  semiconductor  composite  powders  with 
dispersion  of  ceramic  particles  were  prepared  by  mechanical 
alloying.  The  influence  of  BN  and  Zr02  dispersion  on  the  mi¬ 
crostructure  formation  in  MA  process  and  the  thermoelectric 
properties  of  the  sintered  composites  from  the  MA  powders 
were  studied.  The  following  results  were  obtained. 

(1)  Bi-7.5at%Sb  thermoelectric  powder  with  fine  dispersed 
BN  and  Zr02  additives  were  prepared  successfully  by  MA. 

(2)  The  prepared  powders  were  fully  densified  by  hot  pressing 
and  the  composites  had  submicron  size  structure.  The  grain 
size  changed  with  milling  time  of  MA.  The  dispersion  of  the 
ceramic  particles  has  become  more  uniform  with  increase  in 
MA  time. 


Fig.8  Thermal  conductivity  of  mechanical  alloyed  a  nd 
hot  pressed  Bi-7.5at%Sb  powders,  as  a  function  of  the 
volume  fraction  of  additive.  (  MA  milling  time :  48h ) 


(3)  With  increase  in  volume  fraction  of  the  ceramic  particles 
up  to  10  vol%,  the  thermal  conductivity  of  sintered  composite 
decreased  for  the  all  samples. 

(4)  Within  the  total  milling  time  of 200  h,  BN  addition  resulted 
in  smaller  themal  conductivity  and  also  smaller  electrical  resis¬ 
tivity,  compared  to  the  Zi02  addition. 

(5)  The  best  thermal  conductivity  reduction  was  achieved  with 
the  condition  of  10vol%  BN  addition  and  milling  time  for  48  h. 
The  reduced  value  was  20%  of  the  reported  single  crystal  Bi-Sb 
thermal  conductivity. 


Table  2  Thermal  and  electrical  properties  of  as-sintered  and 
annealed  (533K/48h/ vacuum)  Bi-7.5at%Sb composites 
with  Zr02  additive. 


6vol%Zr02 

MA48h 

6vol%Zr02 

MAIOOh 

10vol%ZrO2 

MA48h 

not 

annealed 

annealed 

not 

annealed 

annealed 

not 

annealed 

annealed 

Electrical 
resistivity 
(10-2  Ocm) 

300 K 

1.12 

0.688 

0.987 

0.548 

1.34 

0.820 

77K 

1.21 

1.11 

1.66 

1.05 

2.35 

1.69 

Thermal 

conductivity 

(10-2w/cnr»<) 

3.20 

2.75 

2.16 

3.12 

2.06 

2.91 
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Abstract 

The  thermal  conductivity  of  polycrystalline  sintered  BiSb  has 
been  measured  from  80  to  300  K.  The  samples  had  mean  grain 
sizes  between  1  pm  and  19  pm.  The  electronic  contribution  to 
the  thermal  conductivity  was  determined  by  a  technique  that 
involves  the  comparison  of  the  magneto-resistance  and  the 
magneto-thermal  resistance  effects  in  transverse  fields  of  up  to 
1.0  tesla.  The  electronic  thermal  conductivity  seems  to  be 
somewhat  smaller  than  expected,  bearing  in  mind  that  there 
should  be  a  significant  bipolar  contribution,  yet  the  technique  is 
believed  to  be  sound  since  it  yields  a  lattice  thermal  conductivity 
for  large-grained  samples  that  is  intermediate  between  the 
values  for  single  crystals  in  the  principal  crystal  directions.  The 
lattice  thermal  conductivity  is  found  to  decrease  as  the  grain  size 
is  reduced.  Such  a  decrease  has  been  predicted  on  the  basis  of 
grain  boundary  scattering  of  phonons  but  it  is  occurring  at  grain 
sizes  somewhat  larger  than  expected.  It  is  possible  that  the 
effect  may  be  due  to  the  scattering  of  phonons  on  point  or  line 
defects  that  have  been  introduced  as  a  consequence  of  powder 
metallurgy.  Nevertheless,  grain  boundary  scattering  cannot  be 
ruled  out  as  the  cause,  in  view  of  the  simplifications  that  were 
made  in  the  theory. 


Introduction 

Of  the  known  n-type  thermoelectric  materials,  Bi-rich  alloys 
between  Bi  and  Sb  exhibit  the  highest  thermoelectric  figure  of 
merit  (Z)  for  temperatures  below  about  210  K.  The  best 
thermoelectric  properties  are  observed  along  the  trigonal  axis  of 
single  crystals,  but  the  propensity  of  BiSb  crystals  to  cleave 
along  the  trigonal  planes  has  largely  prevented  utilization  of 
BiSb  alloys  in  thermoelectric  coolers. 

Synthesizing  polycrystalline  BiSb  alloys  with  a  fine  grain  size 
eliminates  the  cleavage  problem  and  offers  the  possibility  of 
decreasing  the  lattice  thermal  conductivity  (A,L).  Recent  theory 
predicts  that  as  the  grain  size  is  reduced,  phonon  boundary 
scattering  should  become  noticeable  at  a  grain  size  of  about  5 
pm  [1]. 

The  purpose  of  the  present  work  was  to  determine  if  the 
predicted  XL  reduction  could  be  observed  experimentally.  Two 
groups  of  samples,  with  varying  grain  size,  were  prepared  and 
characterized  metallurgically  and  electrically. 


Experiment 

The  grain  size  (L)  of  each  sample  was  equal  to  the  particle  size 
of  the  powder  from  which  it  was  made.  The  powder  used  in  the 
first  sample  series  was  prepared  by  crushing  a  Bi88Sb12  ingot 
with  a  porcelain  mortar  and  pestle  followed  by  sieving  to  obtain 
four  size  fractions.  The  smallest  mean  particle  size  was  6.4  pm, 
and  there  was  little  size  difference  between  the  coarser  fractions 
(6.4,  12.3,  14.8  and  15.8  pm).  The  crushed  particles  were 
irregular  in  shape  with  some  platelet-like  nature. 

A  second  lot  of  powder  was  produced,  at  Ames  Laboratory,  by 
high  pressure  inert  gas  atomization  (HPGA)  and  fractions  with 
mean  sizes  of  19.0,  5.0, 2.5  and  1.1  pm  were  separated  in  an  air 
classifier.  The  powder  composition  was  Bi91Sb9  indicating  that 
some  Sb  was  lost  during  atomization.  The  HPGA  particles  were 
spherical  in  shape  and  each  particle  contained  multiple  grains  as 
shown  in  Figure  1. 

The  powders  were  hot-consolidated  to  nearly  full  density.  Grain 
growth,  which  becomes  more  energetically  favorable  as  L 
decreases,  occurred  during  consolidation  as  shown  in  Figure  2. 
However,  growth  was  restricted  to  the  prior  particle  boundaries 
so  L  became  equal  to  the  starting  mean  particle  size. 

The  composition  of  powders  was  determined  by  atomic 
emission  spectroscopy  and  wavelength  dispersive  spectroscopy. 
Oxygen  concentrations  were  determined  by  the  inert  gas  fusion 
method  and  Auger  spectroscopy  was  used  to  estimate  the  oxide 
thickness  on  particle  surfaces. 

The  grain  size  in  consolidated  samples  was  taken  from 
photomicrographs  of  polished  cross-sections  etched  with  HN03 
using  the  Heyn  procedure  [2],  The  Archimedes  method  was 
used  for  determining  density.  Seebeck  coefficient  (a),  electrical 
resistivity  (p)  and  thermal  conductivity  (X)  were  measured  from 
80  to  300  K  (-213  to  27  °C)  using  a  modified  Harman  method. 

For  separation  of  the  electronic  component,  (Xe),  and  the  lattice 
component,  (A.L),  of  the  thermal  conductivity,  transport 
measurements  were  also  performed  in  a  transverse  field  of  weak 
to  intermediate  strength.  If  it  is  assumed  that  Xe  and  p  vary  with 
magnetic  field  strength  in  the  same  manner  as  follows: 

p=p(0)(l  +cB 2)  (1) 
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Figure  1  Microstructure  of  compact  cold  pressed  from  HPGA  powder.  1000  X, 
dilute  HN03  etch. 


Figure  2.  BiSb  hot  consolidated  from  5  pm  HPGA  powder.  1000  X,  dilute 
HN03  etch. 
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and 


A=l(0)/(l+cB2)  ,  (2)  Discussion 


then  combining  the  equations  to  eliminate  B  gives 


A=X(0) 


P(0) 

P 


(3) 


Therefore 

=V*  (°>^  .  (4) 


where  XL  is  the  intercept  and  Ae(0)  is  the  slope  from  the  plot  of 
X^  versus  p(0)/p.  Such  a  plot  is  shown  in  Figure  3.  In  actuality, 
p  and  Ae  did  not  depend  on  B  as  expected  from  equations  (1)  and 
(2)  but  the  deviance  of  the  parameters  was  the  same  allowing  the 
use  of  equation  (3).  The  fact  that  all  the  points  in  Figure  3  lie 
so  close  to  the  line  of  best  fit  supports  the  validity  of  equation 
(4)  and  the  assumptions  on  which  it  is  based.  Further  support  is 
also  provided  by  the  fact  that  the  value  of  XL ,  obtained  from 
equation  (4)  for  polycrystals  of  large  grain  size,  lies  between  the 
values  of  the  principal  directions  for  single  crystals  of  the  same 
composition  [3]. 


p(0)/p 

Figure  3.  Plot  of  Xtot  vs  p(0)/p  produced  by  testing  Bi88Sb12 
(L~45  pm)  at  160  K  in  magnetic  fields  up  to  0.6  T.  Linear 
regression  gives  XL=24A  mW  cm'1  K'1  and  Xe(0)=12.3  mW 
cm'1  K'1. 


The  predicted  relationship  between  XL  and  L  is 


(5) 


where  Xs  is  the  lattice  thermal  conductivity  of  a  large  crystal  of 
the  solid  solution,  X0  is  the  lattice  thermal  conductivity  in  the 
absence  of  point  defect  scattering,  T  is  the  phonon  mean  free 
path,  and  L  is  the  grain  diameter  [1]. 

Curves  generated  from  equation  5  are  plotted  in  Figures  4  and 
5.  Since  XL  of  BiSb  single  crystals  is  significantly  anisotropic, 
a  value  somewhere  between  XL  33  (along  the  trigonal  axis)  and 
XL  n  (along  the  binary  axis)  should  be  used  for  Xs  .  For  this 
reason,  XL  of  large  grained  (50  to  75  pm)  BiSb  was  taken  as  an 
effective  XL  for  a  “single  crystal  of  an  intermediate  orientation” 
and  this  value  was  used  for  Xs.  Likewise,  an  intermediate  value 
of  XL  for  pure  Bi  was  estimated  from  the  data  of  Uher  and 
Goldsmid  [4]  and  used  as  X0 . 

Actual  120  K  data  is  also  shown  in  Figures  4  and  5.  Although 
much  of  the  data  from  the  first  sample  series  is  for  a  narrow 
range  of  L  (Figure  4) ,  it  shows  that  XL  decreases  with  L.  The 
second  sample  series,  which  was  made  from  HPGA  powder, 
covers  a  broader  size  range  and  clearly  reveals  the  dependence 
of  XL  on  L  (Figure  5).  It  should  be  noted  that  \  ,  which  was 
smaller  than  expected  for  a  material  that  should  have  a 
significant  bipolar  contribution,  also  decreased  with  L. 

The  experimental  data  is  consistent  with  the  theory  that 
boundary  scattering  can  produce  significant  reductions  in  XL 
using  grains  of  reasonable  dimensions,  but  further  work  is 
needed  to  confirm  that  boundary  scattering  is  responsible  for  the 
reduced  A,L.  The  fact  that  Xh  begins  to  decrease  at  larger  grain 
sizes  than  predicted  may  be  a  consequence  of  simplifications 
made  in  the  theory  or  could  be  a  manifestation  of  an  additional 
scattering  mechanism.  The  effect  of  inclusions  in  the  form  of 
porosity  or  second  phase  oxides,  was  considered. 

Auger  spectroscopy  indicated  that  all  particle  surfaces  were 
covered  with  an  oxide  layer  about  100  A  thick.  If  this  layer  was 
not  disrupted  during  consolidation,  carrier  tunneling  would  be 
required  for  conduction.  However,  tunneling  cannot  be  taking 
place  since  the  electrical  resistivity  is  too  low  and  is  independent 
of  the  applied  voltage.  Consequently,  the  oxides  in  the  sintered 
material  must  be  in  the  form  of  inclusions. 
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Kingery  [5]  has  shown  that  the  effect  of  insulating  inclusions  on 
the  electrical  conductivity  is  given  by 


Figure  4.  Predicted  grain  size  dependence  of  XL  (curve)  and 
experimental  data;  Bi88Sb|2  at  120  K. 


(6) 


where  a,  and  o2  are  the  electrical  conductivity  of  single-  and  two 
phase-  material  respectively  and  x  is  the  inclusion  volume 
fraction. 

In  the  sample  made  from  1.1  pm  HPGA  powder,  the  oxide 
fraction  was  0.04  so  one  might  have  expected  a  6%  reduction  in 
electrical  conductivity,  a,  due  to  the  inclusions  rather  than  the 
observed  decrease  of  about  75%  shown  in  Figure  6.  The  effect 
on  the  thermal  conductivity  would  have  been  even  smaller  than 
6%,  since  oxide  inclusions  would  have  a  thermal  conductivity 
comparable  with  BiSb.  Clearly,  the  fall  of  about  20%  in  XLof 
Bi91Sb9  made  from  1.1  pm  powder  is  much  too  large  to  be 
explained  in  this  way. 

Hall  measurements  indicate  that  a  reduction  in  mobility,  of  both 
electrons  and  holes,  is  largely  responsible  for  the  o  behavior 
shown  in  Figure  6.  It  is  not  yet  clear  whether  the  increasing 
level  of  carrier  scattering  with  decreasing  grain  size  is  due  to 
more  defects  or  if  the  grain  size  is  approaching  the  carrier  mean 
free  path. 


L  (Mm)  L  (|im) 

Figure  5.  Predicted  grain  size  dependence  of  XL  (curve)  and  Figure  6.  Observed  grain  size  dependence  of  a  for  Bi9ISb9 

experimental  data;  Bi91Sb9  at  120  K.  at  120  K. 
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Conclusions 


The  polycrystalline  BiSb  samples  that  were  prepared  exhibited 
thermal  conductivities  that  decreased  with  grain  size  but  an 
enhanced  figure  of  merit  was  not  realized  due  to  a  dominating, 
concurrent  decrease  in  electrical  conductivity  The  lower  values 
of  thermal  conductivity  were  a  result  of  decreases  in  both  the 
electronic  and  the  lattice  components.  Porosity  or  dispersed 
second  phase  inclusions  cannot  account  for  the  observed 
reductions  of  the  lattice  thermal  conductivity  and  electrical 
conductivity.  While  the  apparent  dependence  of  the  lattice 
thermal  conductivity  on  grain  size  suggests  that  boundary 
scattering  of  phonons  is  occurring,  further  work  is  required  to 
rule  out  other  explanations  such  as  phonon  scattering  by  defects 
or  impurities  whose  concentration  depend  on  grain  size. 
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Abstract 

The  thermoelectric  phenomena  in  bismuth-antimony  crys¬ 
tals  doped  by  tellurium  donor  and  tin  acceptor  impuri¬ 
ties  in  temperature  range  80  -r  300  K  have  been  inves¬ 
tigated.  Crystals  have  been  grown  by  horizontal  zone 
recrystallization  method  with  the  use  of  regimes  which 
provide  their  homogeneity.  The  area  ranges  of  doping 
bismuth-antimony  crystals  in.  which  thermoelectric  figure 
of  merit  appears  higher  than  in  undoped  crystals  have 
been  determined.  The  transport  phenomena  and  ther¬ 
moelectric  figure  of  merit  of  Bio.93Sbo.07  <  y  >  crystals 
at  y  <  0.001  at.%  Sn  and  Te  have  been  investigated  in 
detail.  It  was  shown  that  thermoelectric  figure  of  merit 
of  Bio.93Sbo.07  <  y  >  crystals  doped  y  =  0.001  at.%  Sn 
in  temperature  range  80  ~  300  K  exceeds  thermoelectric 
figure  of  merit  undoped  and  doped  y  <  0.001  at.%  Te 
crystals. 

Introduction 

The  Bi!_xSbx  crystals  have  the  highest  thermoelectric  fig¬ 
ure  of  merit  Z 33 


p  ■  K, 


among  the  low  temperature  thermoelectric  materi¬ 
als  in  the  semimetal-semiconductor  transition  region  in 
Bii_xSbx  system,  (Fig.  1)  [l]-[5].  The  high  Z33  of  n-type 
materials  is  due  to  electron  contribution  predominance  in 
transport  properties  of  Bii_xSbx  crystals.  However,  the 
chemical  potential  level  is  shifted  to  conduction  band  with 
temperature  increase  in  because  of  density  of  state  mass 
difference  for  valence  and  conductivity  bands.  Thus  its 
position  can  be  not  optimum  for  all  temperatures  in  80  - 
300  K  range. 

Panarin  [7]  performed  preliminary  calculations  doping 
impurities  influence  on  Z  of  Bii_xSbx  crystals.  How¬ 
ever,  he  only  experimentally  determined  the  optimum 
doping  impurities  content  in  Bio.8sSbo.12  crystals.  For 
temperature  range:  80  -  100  I<  optimum  concentration 
y  —  0.001  at.%  Te,  for  100  —  140  K  -  undoped  crystals, 
T  >  140  K  —  y  =  0.002  —  0.005  at.%  Sn  [7]  .  Zemskov  et  al. 
[8,  9]  investigated  low  (10-5  -  10_3at.%)  Sn  and  Te  con¬ 
tent  influence  on  the  Z33  of  Bii_xSbx  crystals  at  x=0.09, 
0.15  grown  by  Chokhralsky  method.  Slightly  (by  2  -  6%) 
increase  of  Z33  in  doped  crystal  is  detected. 

Our  recent  investigations  have  demonstrated  that  the 
increase  of  bismuth  purity  degree  and  Bii_xSbx  single 


Figure  1:  Evolutoin  of  the  band  structure  of  Bii_xSbx 
homogeneous  single  crystals  versus  x  at  low  temperature. 


crystals  homogeneity  at  growing  by  zone  recrystalliza¬ 
tion  method  with  the  use  of  the  low  growth  speed  V  < 
0.5  mm/h  and  the  small  temperature  gradient  in  crystal¬ 
lization  front  G  <  20  K/cm  leads  to  little  reduction  of 
thermoelectric  figure  of  merit  Z33  in  the  area  of  semicon¬ 
ducting  state  of  Bii_xSbx  in  comparison  with  the  results 
[2,  3,  5],  including  the  results  of  doped  crystals  investiga¬ 
tion  [7,  8,  9].  Hence,  the  problem  of  optimization  of  the 
chemical  potential  level  position  for  obtaining  maximum 
Z33  in  homogeneous  crystals  Bii_xSbx  by  doping  donor 
and  acceptor  impurities  is  actual. 

Experimental  procedure 

Preparing  Bii_xSbx  single  crystals  with  horizontal  zone¬ 
leveling  technique,  the  analysis  of  their  composition  and 
quality,  preparing  the  samples  and  the  measurement  of 
transport  coefficients  in  the  temperature  range  77-300  K 
have  been  carried  out  according  to  the  method  reported 
during  previous  conference  [4].  The  ingots  of  doped  alloys 
Bii_xSbx  were  preliminary  undergone  by  zone  equaliza¬ 
tion  of  the  content  at  the  even  number  passages  of  the 
molten  zone  at  V~2  cm/h  with  following  single  crystals 
preparation  at  the  odd  passage  of  the  molten  zone  at 
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i'  =  0.5  rmn/h  and  G  <  20  K/crn. 


Figure  2:  Hall  coefficient  as  a  function  of  temperature  for 
Bio.93Sbo.07  <  y  >  homogeneous  single  crystals. 


Temperature,  K 


The  distribution  of  the  alloy  composition  (x)  and  dop¬ 
ing  impurities  content  (y)  in  the  central  part  of  ingot  was 
homogenious  with  the  concentration  close  to  the  concen¬ 
tration  inserted  during  loading.  The  data  [10]  show  that 
the  doping  impurities  of  Bi  -  type  crystals  in  the  used 
quantity  change  the  concentration  of  carriers  and  chemi¬ 
cal  potential  level  without  changing  the  parameters  of  ini¬ 
tial  energy  spectrum  of  charge  carriers.  Acceptor  impuri¬ 
ties  doping  (tin)  causes  the  increase  of  holes  concentration 
and  the  shift  of  chemical  potential  level  to  valence  band. 
Donor  impurities  doping  (tellurium)  causes  the  increase  of 
electrons  concentration  and  the  shift  of  chemical  potential 
level  to  conductivity  band  (Fig.  1).  The  analysis  of  doping 
impurities  content  has  been  carried  out  according  to  the 
results  of  measurement  of  Hall  coefficient  (Fig.  2). 

Results  and  discussion 

The  influence  of  the  doping  impurities  on  Seebeck 
coefficient  of  bismuth  and  Bio.93Sbo.07  <  y  >  crystals 
in  the  temperature  range  80-300  K 

The  measurements  of  Seebeck  coefficient  033  dependence 
on  the  content  of  doping  impurities  Te,  Sn  at  the  tempera¬ 
ture  80  and  273  K  for  bismuth  crystals  having  the  greatest 
overlapping  of  bands  and  for  Bio.93Sbo.07  <  y  >  crystals 
having  thermal  energy  gap  approximating  the  maximum 
for  composition  0  <  x  <  0.20  (Fig.  1)  have  been  carried 
out  to  determine  the  possible  content  range  of  doping  im¬ 
purities  for  the  optimization  of  thermoelectric  parameters 
of  Bii_xSbx  crystals.  The  results  of  these  investigations 
are  shown  in  Fig.  3,  4. 

It  is  obvious  that  the  maximum  values  of  thermoelec- 


Figure  3:  Seebeck  coefficient  as  a  function  of  the  doping 
impurities  content  <  y  >  for  Bii _y  <  y  >  single  crystals 
for  two  temperatures. 


Content  y,  at.% 


Figure  4:  Seebeck  coefficient  as  a  function  of  the  doping 
impurities  content  for  Bii_xSbx  <  y  >  homogeneous  single 
crystals  for  two  temperatures. 


&  Content  y,  at.%  m 


28 


15th  International  Conference  on  Thermoelectrics  (1996) 


trie  figure  of  merit  for  n-type  materials  should  be  looked 
for  in  the  vicinity  of  the  maximum  of  Seebeck  coefficient 
absolute  value,  in  the  region  of  negative  Seebeck  coeffi¬ 
cient.  The  maximum  of  <233  and  Z33  in  bismuth  crystals  for 
temperature  range  near  the  room  temperature  is  reached 
at  the  doping  the  acceptor  impurities  0.1  —  0.2  at.%  Sn. 
In  decreasing  the  temperature  and  passing  from  bands 
overlapping  to  the  gap  (from  x=0  to  x=0.12)  the  See¬ 
beck  coefficient  (233  maximum  becomes  more  sharp  and 
is  shifted  to  the  low  concentration  area  of  acceptor  impu¬ 
rity  Sn  ~  10"3,  approximating  the  intrinsic  conductivity 
state.  The  Z 33  maximum  is  also  shifted  to.  the  low  con¬ 
centration  interval  area  of  doping  acceptor  impurity  and 
then  -  to  the  intrinsic  conductivity  area  and  even  the  low 
concentration  of  donor  impurities,  which  is  proved  by  the 
results  [7]  for  x— 0.12.  Changing  the  Seebeck  coefficient 
sign  to  negative  one  at  increasing  the  content  of  Sn  in 
bismuth  crystals  at  low  temperatures  (Fig.  3),  and  also 
nonmonotonous  Seebeck  coefficient  dependence  on  the  tin 
doping  impurities  content  in  crystals  (x=0.12),  (Fig.  4), 
are  determined  by  complicate  band  structure  and  contri¬ 
bution  of  interband  scattering  [6]. 

In  this  paper  we  demonstrate  the  results  of  the  experi¬ 
mental  investigation  of  the  influence  of  tin  and  tellurium 
doping  impurities  ( y  <  0.001  at.% )  on  the  transport  co¬ 
efficients  and  thermoelectric  figure  of  merit  of  Bii_xSbx, 
x=0.07  crystals  in  the  temperature  range  80-300  K,  which 
are  corresponded  with  the  maximum  of  Z  in  homogeneous 
undoped  crystals  [4]. 

Electrical  resistance 

The  temperature  dependence  of  electrical  resistance  ^33  of 
Bi0.93Sb0.07  <  y  >  crystals  doped  by  tin  and  tellurium  is 
shown  in  Fig.  5. 

Electrical  resistance  depends  essentially  on  the  content 
and  type  of  doping  impurities. at  T  <  180  Kt  but  at  higher 
temperature  they  have  similar  values. 

Tin  doping  results  to  the  shift  of  the  chemical  potential 
level  in  energy  gap  Eg ,  Fig.  1.  In  this  case  the  concentra¬ 
tion  of  the  light  charge  carriers  of  L-extrema  decreases  that 
causes  increase  of  electrical  resistance  in  low  temperature 
area. 

First,  tellurium  doping  leads  to  the  increase  of  the  elec¬ 
tric  resistance  and  its  further  decrease  at  tellurium  content 
increasing  .  Nopmonotonous  dependence  of  electrical  re¬ 
sistance  on  the  doping  impurities  content  is  determined 
not  only  by  changing  the  electron- and  hole  concentrations 
but  the  essential  changing  of  intravalley,  intervalley,  inter¬ 
band  and  recombination  scattering  of  charge  carriers  by 
phonons. 

Seebeck  coefficient 

Seebeck  coefficient  of  all  the  investigated  crystals  in  the 
temperature  range  80-300  K’  has  negative  sign,  Fig.  6, 
which  proves  the  predominant  contribution  of  conduc¬ 
tivity  band  electrons.  Seebeck  coefficient  of  Bio.93Sbo.07 
crystals  doped  by  tin  exceeds  the  Seebeck  coefficient  of 


Figure  5:  Electrical  resistivuty  as  a  function  of  tempera¬ 
ture  for  Bii_xSbx  <  y  >  homogeneous  single  crystals. 


Temperature,  K 


undoped  crystals.  Tin  doping,  Bio.93Sbo.07  <  10"5Sn  >, 
approaches  Seebeck  coefficient  to  the  maximum  shown 
in  Fig  2,  3,  in  the  temperature  range  80-300  K,  Fig.  6. 
The  maximum  in  the  temperature  dependence  of  See¬ 
beck  coefficient  in  the  investigated  interval  for  crystal 
Bio.93Sbo.07  <  10_5Te  >  is  connected  with  the  transition 
to  the  temperature  dependence  of  Seebeck  coefficient  typ¬ 
ical  for  metals.  In  the  range  80-300  K  Seebeck  coefficient 
decreases  monotonously  in  the  crystals  with  less  content 
of  doping  impurities  and  in  the  undoped  crystals. 

Thermal  conductivity 

Increasing  of'  thermal  conductivity  (k)  at  the  tempera¬ 
ture  grown  in  investigated  crystals  (Fig.  7)  is  determined 
by  the  essential  contribution  of  the  ambipolar  diffusion 
of  charge  carriers  to  the  heat  transport.  Relative  con¬ 
tribution  of  ambipolar  diffusion  increases  with  tin  doping 
the  Bio.93Sbo.07  <  y  >  crystals  because  of  approaching  to 
the  equalization  of  electron  and  hole  contributions,  that 
causes  the  increase  of  cIk/cIT.  Doping  does  not  causes 
the  substantial  changing  of  lattice  .thermal  conductivity 
of  Bio.93Sbo.07  <  y  >  crystals  ,  as  impurities  concentra¬ 
tion  is  in  the  several  orders  less  than  content  of  antimony 
in  the  alloy,  so  the  observed  difference  in  value  of  ther¬ 
mal  conductivity  (Fig.  7)  is  determined  by  charge  carriers 
contribution  changing. 

Thermoelectric  figure  of  merit 

The  results  of  thermoelectric  figure  of  merit  Z33  calcu¬ 
lation  are  shown  in  Fig. 8.  At  T  >  200  K  thermoelec¬ 
tric  figure  of  merit  of  all  the  investigated  crystals  has 
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Figure  6:  Seebeck  coefficient  as  a  function  of  temperature 
for  Bii_xSbx  <  y  >  homogeneous  single  crystals. 
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Figure  7:  Thermal  conductivity  as  a  function  of  tempera¬ 
ture  for  Bii_xSbx  <  y  >  homogeneous  single  crystals. 
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near  values.  In  the  temperature  range  80-200  K  Z 33 
of  Bio.93Sbo.07  <  10_5Sn  >  crystal  noticeably  exceeds  the 
value  for  all  the  investigated  crystals.  In  this  way,  the  max¬ 
imum  of  Z  for  x  ==  0.07  in  the  temperature  range  80-300 
K  is  achieved  at  the  tin  acceptor  impurity  content  about 
0.001  at.%.  Tellurium  donor  impurity  doping  removes  the 
chemical  potential  level  from  the  optimum  position  in  the 
given  temperature  range  and  causes  the  decrease  of  Z 33- 
As,  due  to  the  complexity  of  charge  carriers  energy  spec¬ 
trum  in  Bi-Sb  crystals,  Fig.  1,  the  change  of  electrons  and 
holes  contributions  to  transport  phenomena  at  doping  is 
determined  by  the  changing  of  relative  contributions  of 
various  kinds  of  scattering  [6],  the  dependence  of  Seebeck 
coefficient  on  temperature  and  doping  impurities  content 
(Fig.  3,4)  show  only  the  general  picture  of  thermoelectric 
properties  changing. 

To  identify  compositions  with  maximum  Z(x,T)  it  is 
necessary  to  determine  exactly  the  optimum  doping  level 
of  Bi-Sb  crystals  with  given  (x).  It  demands  the  exper¬ 
imental  investigation  of  the  complex  of  transport  coeffi¬ 
cients. 

Conclusions 

1.  The  thermoelectric  figure  of  merit  Z33  of  homogeneous 
Bio.93Sbo.07  <  y  >  crystals  in  the  temperature  range  80- 
200  K  has  the  maximum  in  the  area  of  tin  acceptor  im¬ 
purity  doping  ( y  —  0.01  at.%)  ( y  —  0.01  at.%)  and  exeeds 
Z33  of  undoped  crystals. 

2.  The  thermoelectric  figure  of  merit  Z33  of  homoge¬ 
neous  Bio.93Sbo.07  <  y  >crystals  ,  doped  by  tellurium,  ap¬ 
pears  to  be  lower  than  Z 33  of  undoped  crystals  in  the  whole 
investigated  temperature  range. 

Figure  8:  Figure  of  merit  as  a  function  of  temperature  for 
Bii_xSbx  <  y  >  homogeneous  single  crystals. 
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3.  Due  to  the  complexity  of  energy  spectrum  of  charge 
carriers  and  scattering  mechanisms  the  calculation  of  the 
optimum  doping  level  of  Bii_xSbx  <  y  >  crystals  [7]  has 
only  the  character  of  estimation.  The  most  exact  picture 
can  be  obtained  using  experimental  values  of  Seebeck  coef¬ 
ficient  (Fig.  2,3).  The  most  reliable  values  of  the  optimum 
doping  level  can  be  obtained  in  experimental  investigation 
of  the  complex  of  the  transport  coefficients.'  The  estimat¬ 
ing  calculation  and  experimental  data  on  Seebeck  coeffi¬ 
cient  essentially  narrow  the  area  of  searching  the  optimum 
compositions. 
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DOPING  WITH  ORGANIC  HALOGEN-CONTAINING  COMPOUNDS 
THE  Bi2(Te,Se)3  SOLID  SOLUTIONS 

O.B. Sokolov,  S.Ya.Skipidarov,  N.I.Duvankov,  E.V.Zaitsev 
Nord  Co.,  Moscow,  RUSSIA 


The  paper  considers  the  opportunity  for  the  doping  with 
organic  halogen-containing  compounds  the  Bi2(Te,Se)j  solid 
solutions.  The  advantages  of  their  application  as  compared 
to  that  of  inorganic  halogen-containing  compounds  are  described. 


INTRODUCTION 

For  the  doping  of  Bi2(Te,Se)j  solid  solutions 
the  following  elements  and  compounds  are  used  as 
donor  additions[l,2]: 

-  halogens  (Cl2,  Br2,  I2); 

-  metals  of  the  secondary  subgroup  of  group  I  (Cm, 
Ag,  Au); 

-  metals  of  the  secondary  subgroup  of  group  II  (Zn, 
Cd,  Hg), 

-  halides  of  metals  of  group  I  (AgCl,  AgBr,  Cm/, etc.); 

-  halides  of  metals  of  group  II  ( ZnCl2 ,  ZnBr2,  Znl2, 
CdCl2,  CdBr2,  Cdl2,  Hg2Cl2,  etc.); 

-  chlorides  and  iodides  of  bismuth  and  antimony 
(SbCl3,  BiClj,  Sblj,  Bilj); 

-  chloreoxides  of  metals  ( BiCIO ,  SbCIO). 

In  actual  practice  for  the  doping  of  low- 
temperature  thermoelectric  materials,  which  are 
employed  in  cooling  modules,  chlorides  of  metals  are 
usually  used.  To  our  view,  of  all  these  compounds 
mercury  chloride  ( Hg2Cl2 )  is  the  most  suitable  dope. 
However  it  is  liable  to  a  breakdown  in  the  presence  of 
light.  It  is  also  hygroscopic,  and  liable  to  static-charge 
accumulation.  All  these  factors  may  lead  to  errors  in 
the  process  of  its  dosing.  Furthermore,  the  presence  of 
mercury  in  its  composition  does  not  allow  to  use  this 
dope  for  thermoelectric  materials  intended  for  the 
application  under  higher  temperatures. 

CHOOSING  A  DOPE 

According  to  Gibbs  phase  rule  [3]  the  number 
of  degrees  of  freedom  in  the  system  (F),  i.e.,  the 
system  variability,  is  unambiguously 
determined  by  the  number  of  the 
system  components  (k)  and  by  the 
number  of  co-existing  phases  (r):  F  = 
k  +  2  -  r. 

Liberation  of  metal  due  to 
decomposition  occuring  in  the  process 
of  doping  with  halogen-containing 
inorganic  compounds  results  in  the 
growth  of  the  number  of  components 
in  the  system  per  unit.  At  the  same 
time  the  number  of  phases  does  not 
change.  Consequently,  the  number  of 
degrees  of  freedom  per  unit  increases. 


The  latter  may  negatively  affect  the 
reproducibility  of  properties  of  a  thermoelectric 
material  in  the  process  of  its  formation,  as  well  as  the 
stability  of  its  operating  characteristics.  In  the  context 
of  the  above  mentioned  the  search  for  new  dopes  has 
been  undertaken. 

Undoubtedly,  of  certain  interest  for  the  study 
are  the  substances  with  high  content  of  easily  splitted- 
out  halogen  and  which  are  free  from  elements 
negatively  affecting  the  properties  of  the  material.  This 
condition  is  readily  met  by  organic  halogen-containing 
compounds.  The  molecule  of  such  compounds  is 
expressed  by  the  following  empirical  formula:  GnArr 
where  X  =  Cl,  Br,  I.  The  presence  of  carbon  (Q  in 
molecules  of  such  compounds  cannot  be  considered 
an  obstacle  for  their  application.  Carbon  does  not 
actually  react  with  the  material  components  and  does 
not  dissolve  in  it.  Consequently,  a  certain  amount  of 
carbon  is  consumed  for  the  reduction  of  tellurium, 
bismuth  and  selenium  oxides  which  are  present  in 
small  amounts  in  the  initial  components.  One  can 
expect  the  residual  carbon  setting  on  the  walls  of  a 
synthesis  container  in  a  graphite  phase. 

For  the  practical  investigation  of  the  doping 
efficiency  of  organic  halogen-containing  compounds 
hexachloroethane  (C2Clfi)  and  hexachlorobenzole 
(C6Cl6)  have  been  chosen.  Table  1  below  presents 
basic  characteristics  of  the  chosen  organic  halogen- 
containing  compounds  compared  to  those  of  one  of 
inorganic  halogen-containing  compounds  (mercurous 
chloride)  [4], 


Table  1 

Alloying  Additions  Characteristics _ 


Matter 

Hg2Cl2 

C2C16 

C6C16 

Appearance 

White 

free-flow 

powder 

White 

free-flow 

powder 

White 

free-flow 

powder 

Molecular  mass 

472.2 

237 

285 

Density,  g/cm3 

7.151 

2.091 

2.044 

Melting  point,  K 

- 

462 

501  j 

Boiling  point,  K 

- 

- 

605 

Sublimation  point,  K 

657 

458 

- 

Chlorine  content,  mass.% 

15.04 

89.87 

74.74 

0-7803-3221-0/96  $4.00  ©1996  IEEE 
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One  should  note,  that  the  chosen  organic 
compounds  are  not  hygroscopic,  but  they  are  resistant 
to  light,  not  liable  to  the  accumulation  of  static  charge 
and  characterized  by  a  high  degree  of  chemical 
stability. 

THE  ANALYSIS  OF  THE  BEHAVIOUR 
OF  AN  DOPES  IN  THE  PROCESS  OF 
SYNTHESIS 

The  synthesis  of  Bi2(Te,Se)j  solid  solution  was 
effected  via  the  melting  of  components  with  a 
stoichiometric  ratio  in  evacuated  sealed -off  quartz 
ampoules  with  an  inside  pressure  P  =  0.1  Pa  under 
temperature  T  =  1073  K.  For  the  identification  of  the 
composition  of  products  formed  in  the  process  of 
thermal  decomposition  of  dopes  under  consideration 
the  authors  have  carried  out  a  thermodynamic  analysis 
using  the  parameters  which  meet  the  conditions  of  the 
synthesis  (P  =  0.1  Pa,  T  =  1073  K).  The  technique 
described  in  [5]  has  been  used.  The  results  of  the 
analysis  are  presented  in  Table  2. 


Note:  condensed  products  formed  in  the  process  of 
thermal  decomposition  are  marked  by**. 

From  the  above  presented  data  one  can  come  to 
the  conclusion  that  under  prescribed  conditions  of  the 
synthesis  the  rates  of  doping  of  the  material  with  the 
use  of  C2&fi  and  CfiClfi  are  higher  than  those 
observed  in  such  cases  when  calomel  is  used,  as  their 
thermal  decomposition  results  in  the  formation  of 
larger  amounts  of  an  active  doping  agent,  monatomic 
chlorine  in  this  case.  The  amount  of  products  formed 
in  the  process  of  the  dope  incomplete  decomposition 
is  negligible  in  all  cases.  Neartly  all  the  amount  of 
carbon  emitted  in  the  process  of  C^C/^  and  C^Cl# 
decomposition  is  in  the  condensed  phase  (graphite). 
The  latter  can  be  considered  a  favourable  indicator,  as 
it  allows  to  eliminate  the  stage  of  quartz  ampoules 
graphitization  in  the  technological  process,  as  the 
amount  of  graphite  emitted  in  the  process  of  thermal 
decomposition  of  the  dopes  under  consideration  is 
sufficient  enough  for  the  formation  of  a  continuous 
film  on  the  surface  of  the  ampoules. 

Through  thermodynamic  analysis  the  authors 
have  assessed  the  influence  of  temperature  and 


pressure  of  the  completeness 
ofemission  of  the  doping 
agent  (chlorine)  inthe 
process  of  thermal 

decomposition  of  dopes.  The 
results  of  the  above 
mentioned  assessment  are 
presented  in  Table  3. 
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Table  3 

Temperature  Dependence  of  the  Amount  (mol/kg)  of  Monatomic 
and  Molecular  Chlorine  Emitted  in  the  Process  of  the  Dope  Pyrolysis  (P 

=  0.1  Pa) 


T,  K 

Hg7Cb 

c2ci6 

c6ci6 

Cl 

Cl? 

Cl 

cb 

Cl 

700 

0.00003 

0.00045 

0.00839 

12.6680 

0.00698 

800 

0.00380 

0.03895 

0.11872 

12.6130 

0.09869 

900 

0.14133 

0.71564 

0.93742 

12.2030 

0.77926 

1000 

1.18120 

1.36160 

4.83630 

10.2540 

4.02040 

1100 

3.14070 

5.41810 

15.3110 

5.01650 

12.7280 

1200 

4.06030 

8.79690 

23.3410 

1.00150 

19.4040 

ampoule  in  the  process  of 
synthesis  of  a  semiconductive 
material  may  cause  the  reduction 
of  monatomic  chlorine  content, 
and,  as  a  result,  the  inhibition  of 
the  process  of  doping. 


CJ2 _ 

10.5310 

69  I  10.4850  I  It  even  more  true  for  the 

26  10.1450  cases  when  mercurous  chloride  is 

40  8.52410  used,  as  for  both 

80  4  17020  hexachloroethane  and 

40 — o  83253 —  hexachlorobenzole  the  level  of 

- ' — - - '  critical  pressure,  at  which  the 

content  of  monoatomic  chlorine  dramatically 
decreases,  is  higher  by  50  -  100  times  and  even  more. 

In  the  process  of  thermodynamic  analysis  the 
assessment  of  the  opportunity  for  the  application  of 
the  following  organic  fluorine-,  bromine-  and  iodine- 
containing  compounds,  for  instance,  polyfluorethylene 
((C2jF4)n),  bromoform  ( CHBrj )  and  iodoform 
( CHIj ),  as  dopes  has  been  made.  The  calculations 
have  been  made  on  the  basis  of  the  values  of  such 
parameters  which  meet  the  conditions  of  the  synthesis 
of  a  semi-onductive  material  (Table  5). 


The  results  of  the  analysis  show  that  within  the 
investigated  temperature  range  the  degree  of 
dissociation  to  monoatoins  of  molecular  chlorine 
which  is  emitted  in  the  process  of  decomposition  of 
alloying  additions  largely  depends  upon  the 
temperature.  As  to  mercury  chloride  is  concerned, 
with  the  temperature  growth  the  proportional  growth 
of  molecular  and  monoatomic  chlorine  content  in 
decomposition  products  is  observed.  It  means,  that  it 
is  the  first  stage  of  the  process,  i.e.  the  emission  of 
molecular  chlorine,  which  is  the  limiting  factor.  As  to 
C2Clfi  and  CfiClfi  are  concerned,  high  content  of 
molecular  chlorine  in  decomposition 
products  is  observed  as  early  as  under 
700  K  temperature.  And  temperature  The  Result 
growth  results  in  the  decrease  of  its  the  Main  P 
content  accompanied  by  the  growth  of  Br 

monoatomic  chlorine  content.  That  is, 

it  is  the  second  stage  of  the  process,  or  _ 

dissociaton  of  chlorine  molecules,  that  (C9F4)tl 
is  predominantly  in  progress.  It  is  p 
evident,  that  higher  content  of  q  ** 
monoatomic  chlorine  (which  is  “cpI 

characterized  by  the  highest  chemical  - 

reactivity)  in  decomposition  products  “TTp - 

will  provide  for  the  higher  doping  - ^ - 

efficiency  of  organic  chlorine-  I - 1- 

containing  dopes  as  compared  to  that  ofmercurous 
chloride. 

The  assessment  of  the  influence  of  the  pressure 
made  in  the  process  of  thermodynamic  analysis  (Table 
4)  shows  that  the  increase  of  pressure  in  a  quaitz 


Table  5 

The  Results  of  the  Calculation  of  the  Equilibrium  Composition  of 
the  Main  Products  of  Thermal  Decomposition  of  Polyfluorethylene, 
Bromoform  and  Iodoform  (T=1073  K,  P=0.1  Pa) 


Components  Content,  mol/ 


(C?F4)n _ 

CHBn 

CHb 

F 

0.00002 

Br 

7.8509 

I 

7.4826 

C  ** 

24.1860 

Br? 

0.0319 

b 

0.0006 

cf9 

0.00004 

c  ** 

3.9568 

c  ** 

2.5398 

CFrt 

0.00001 

H 

0.00001 

H 

0.00005 

cf4 

8.06200 

H? 

0.0005 

H  7 

1.2021 

HBr 

3.9557 

HI 

0.1356 

The  data  on  the  composition  of  products  of 
thermal  decomposition  shows  that  fluorenecontaining 
substances  are  rather  stable  even  under  high 
Table  4  temperatures,  and  the 


Pressure  Influence  on  the  Amount  (mol/kg)  of  Monatomic  and 
Molecular  Chlorine  Emitted  in  the  Process  of  Dope  Pyrolysis  (T  =  1073  K) 


P,Pa 

Hg?Cl? 

C7CI6 

LQCk 

Cl 

Cb 

Cl 

Cb 

Cl 

Cb 

0.01 

3.91720 

0.15937 

21.8500 

1.74690 

18.1640 

1.45230 

0.05 

3.14670 

0.53955 

15.3480 

4.99820 

12.7590 

4.15500 

0.10 

2.63660 

0.78388 

12.0090 

6.66740 

9.98350 

5.54260 

0.50 

1.42550 

1.26630 

5.92960 

9.70730 

4.92920 

8.06970 

1.00 

1.00220 

1.32190 

4.25150 

10.5460 

3.53430 

8.76720 

5.00 

0.34510 

0.93244 

1.92310 

11.7110 

1.59860 

9.73500 

content  of  monatomic 
fluorene  in  the  products  of 
pyrolysis  is  very  low  to 
provide  for  the  efficient 
doping  of  a  semiconductive 
material. 

The  above  bromine- 
and  iodine-containing 

substances  may  be  used  as 
dopes  because  in  the  process 
of  their  pyrolysis  a  substantial 
amount  of  an  active  doping 
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agent,  in  this  case  it  is  monatomic  bromine  or 
monatomic  iodine,  as  well  as  hydrobromic  and 
hydroiodic  acids  are  formed.  Small  amount  of  emitted 
hydrogen  creates  (together  with  carbon)  a  favourable 
environment  for  the  deoxidation  of  the  initial 
components.  Carbon  initially  contained  in  bromoform 
and  iodoform  is  nearly  completely  emitted  in  a  solid 
phase  (graphite). 


TEST  RESULTS 

With  the  use  of  the  vertical  zone-melting 
technique  [6],  three  process  runs  (Fig.l)  and 
temperature  gradient  at  the  solid-liquid  interface  of 
18-19  K/mm  zone-melted  ingots  of  N-Bi2(Te,Se)j 
material  have  been  produced. 


Doping  addition -10 ,% 


0  20  >10  60  80 

Ljm 


Fig.l.  Changing  of  the  Material 
Temperature  in  the  Process  of 
the  Ingot  Growth:  1  -  first  run, 

(heater  temperature  T^  =  1133  K); 

2  -  second  run,  (  T^  =  1123  K  ); 

3  -  third  run,  (  T^  =  1123  K  ). 

The  ingot  diameter  is  20  and  45  mm,  and  length 
is  200  -  220  mm.  All  measurements  of  properties  have 
been  taken  in  parallel  to  the  growth  direction.  Figures 
2  and  3  present  dope  content  dependence  of 
thermoelectric  characteristics  of  N -Bi2(Te,Se)j.  They 
prove  that  for  the  doping  with  organic  halogen- 
containing  compounds  high  thermoelectric  figure  of 
merit  is  retained,  and  it  allows  to  identify  an  optimum 
content  of  an  dope. 


Fig.2.  Dope  Content  Dependence  of 
Seebeck  Coefficient  (  )  and  Conductivity  (  ) 
of  Bi2(Teg  goSeg  under  300  K: 

1  -C2Cl&  2-  C6Cl6. 


3  -1 


1.6  2.1  2.6  3.1  3.6 

2 

Doping  addition -10 ,% 

Fig. 3.  Dope  Content  Dependence  of  the 
Thermoelectric  Figure  of  Merit  (Z)  of 

Bi2(Te0.9(^e0.10>3  under  300  K: 

1  -  C2Cl6,  2-  C6Cl6. 

Data  presented  in  Table  6  proves  that  all  the 
investigated  additions  have  an  equal  doping  efficiency 
with  an  equal  optimum  content  of  the  doping  agent 
(chlorine).  It  shows  that  mercury  (if  calomel  is  used) 
does  not  produce  a  doping  effect. 
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6.  A.I.Anukhin,  S.Ya.Skipidarov,  O.B. Sokolov, 
"Statistical  micro-inhomogeneities  in  (Bi,Sb)2Te3 
solid  solutions  grown  from  melt  with  excess  content  of 
CONCLUSIONS  tellurium",  Proceedings  14th  International  Conference 

on  Thermoelectric  Energy  Conversion,  St- Petersburg, 

1.  The  opportunity  for  the  application  of  organic  Russia,  1995,  pp. 65-71. 
halogen-containing  compounds  as  dopes  for  the 

synthesis  of  thermoelectrical  semi-conductive  material 
on  the  basis  of  bismuth  telluride  and  bismuth  selenide 
solid  solutions  is  described. 

2.  Through  the  methods  of  thermodynamic 
analysis  the  advantages  of  organic  halogen-containing 
compounds  as  compared  to  inorganic  ones  (for 
instance,  mercurous  chloride)  are  proved  from  the 
viewpoint  of  the  pyrolysis  of  these  dopes  under 
conditions  of  the  synthesis  of  the  material  and 
formation  of  the  active  doping  agent,  i.e.  monatomic 
halogen. 

3.  As  a  practical  example,  the  experimental 
research  into  the  doping  ability  of  hexachloroethane 
and  hexachlorobenzole  has  been  effected  and  high 
thermoelectric  figure  of  merit  of  the  synthesized  semi- 
conductive  material  has  been  proved. 
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Orientational  Distribution  and  Procedure  Parameters 
in  Hot  Pressed  (Bi2Te3)o.9o(Bi2Se3)<Uo 

K.  Fukuda1,  H.  Imaizumi1,  T.  Ishii1,  F.  Toyoda2,  M.  Yamanashi2  and  Y.  Kibayashi2 
Research  Center,  KOMATSU  Ltd.,  Hiratsuka  254,  Japan 
2Komatsu  Electronics  Inc.,  Hiratsuka  254,  Japan 


Abstract 

Single  crystals  of  Bi2Te3  and  its  solid  solutions  with  Bi2Se3  for 
n  type  material  show  anisotropy  of  thermoelectric  property.  Hot- 
pressed  materials  also  show  the  anisotropy,  but  it  is  weaker  than 
the  single  crystal's  and  the  one  directional  polycrystal's.  In  a  hot 
pressed  material,  crystal  grains  orient  with  an  orientational 
distribution. 

In  this  work,  we  compared  the  orientational  distributions  of  hot- 
pressed  materials  which  were  made  by  different  process 
conditions  and  attempted  to  lead  the  best  procedure  parameters  of 
a  hot-pressed  material  that  give  a  high  Z-value. 

Introduction 

The  crystals  of  the  Bi2Te3  and  its  alloys  show  uniaxial 
anisotoropy  in  both  electrical  and  thermal  properties  which  are 
originated  from  the  crystal  structure  [1][2].  The  structure  of 
these  materials  are  hexagonal  (or  rhomohedral)  [3]  .  These 
crystals  have  atomic  layers  which  are  stacked  alternately  along 
the  c-axis  in  the  sequence:  -Te(l)-Bi-Te(2)-Bi-Te(l)-Te(l)-.  The 
bonding  of  Te(l)-Te(l)  is  weak  -van  der  Waal’s  force  [4]. 
Therefore,  these  compounds  are  cleaved  perpendicular  to  the  c- 
axis. 

Both  thermal  and  electrical  conductivities  in  the  direction 
perpendicular  to  the  c-axis  (in  the  c-plane)  are  larger  than  that  in 
the  direction  parallel  to  the  c-axis.  The  Seebeck  coefficient 
shows  only  a  slight  difference  in  anisotropy.  The  electrical 
conductivity  in  the  c-plane  is  larger  by  about  four  times  than  the 
conductivity  parallel  to  the  c-axis  in  pure  Bi2Te3.  On  the  other 
hand,  the  thermal  conductivity  in  the  c-plane  is  larger  by  about 
two  times  than  parallel  to  the  c-axis.  The  difference  of  the 
anisotoropy  ratios  of  each  thermoelectric  property  causes  the 
anisotoropy  of  the  figure  of  merit.  The  figure  of  merit  in  the 
direction  perpendicular  to  the  c-axis,  which  is  called  the  a- 
iirection  and  uses  the  notation  small  a  in  this  paper,  is 
approximately  two  times  as  large  as  the  figure  of  merit  along 
the  c-axis,  which  is  called  the  c-direction  and  uses  the  notation 
small  c  in  this  paper,  in  n-type  alloys  [5].  This  difference  is 
relatively  small  for  p-type  materials. 

Sintered  Bi2Te3  and  its  alloys  also  show  anisotropy 
[6]  [7]  [8]  [9] [10].  The  conductivity  in  the  pressed  direction  is 
smaller  than  that  in  perpendicular  to  that  direction.  The  powder's 
shape  of  Bi2Te3  and  its  alloys  are  flaky  because  of  their  cleavage 
properties.  When  the  powders  are  pressed,  they  slip  along  the 
cleavage  planes.  Each  powder's  c-axes  tend  to  align  to  the 
pressed  direction,  but  it  is  imperfect.  The  powders  orient  their  c- 
axes  with  an  orientaional  distribution.  Of  course,  each  of  the 


powders  have  anisotropic  properties  as  the  single  crystal.  Thus, 
the  figure  of  merit  of  sintered  materials  depend  on  the 
distribution  of  the  powder  grain's  orientation  [11].  The 
orientational  distribution  can  be  determined  by  X-ray  diffraction. 
In  the  last  work  [12],  we  showed  that  the  results  which  were 
calculated  from  two  dimensional  orientation  distribution 
functions  were  in  good  agreement  with  the  experimental  results, 
and  the  figure  of  merit  of  hot  pressed  materials  were  decreased 
about  30%  compared  with  the  single  crystal’s. 


Model 

We  consider  electric  and  thermal  conductivities  in  the  direction 
with  the  angle  0  to  the  a-axis  in  a  anisotoropy  crystal  such  as 
Bi2Te3[13].The  a-axis  is  selected  from  one  of  the  directions  in 
the  c-plane  freely.  There  are  two  cases  to  measure  electrical  and 
thermal  conductivities.  In  one  case,  the  electrical  and  thermal 
current  density  vectors  are  parallel  to  the  axis  of  the  sample  and 
the  electrical  and  thermal  conductivities  are  measured  parallel  to 
the  these  vectors.  In  the  other  case,  the  electrical  and  thermal 
gradient  vectors  are  parallel  to  the  axis  of  the  sample.  The 
electrical  and  thermal  conductivities  are  measured  parallel  to 
these  vectors.  In  the  present  study,  we  prepared  near  the  rod 
shape  sample  in  which  the  sample  current  was  loaded  along  the 
rod.  Then  we  adopted  the  first  case.  This  case  is  shown  in  Fig.l 


Fig.  1  Current  density  in  a  long  rod.  It  makes  the 
angle  0  with  the  a-axis  of  crystal 


Fig.l  illustrates  the  electric  current  density  vectors  with  the 
angle  0  to  the  a-axis.  The  electric  current  vector  J  is  given  by 
J=(Jcos0,  Jsin0),  (1) 

where  J  is  the  magnitude  of  the  electric  current  density  vector. 
The  electric  resistivity  tensor  is  given  by 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


37 


15th  International  Conference  on  Thermoelectrics  (1996) 


p  = 


(2) 


where  pa  is  the  electric  resistivity  parallel  to  the  a-axis  and  p  c 
is  the  resistivity  parallel  to  the  c-axis.  The  electric  field  vector  E 
and  electric  resistivity  p(6)  with  the  angle  0  to  the  a-axis  are 
given  by 

E=p  J  (3) 

and 

p(6)  =j*E/J2.  (4) 

Then  we  obtain  p(6)  as  follows; 

p(0)  -p  acos20+p  csin20  (5) 

and  the  electrical  conductivity  is  defined  by 

a(6)  =l/p(0) .  (6) 

The  thermal  conductivity  is  obtained  similarly. 

The  conductivity  of  one  grain  which  is  in  the  hot  pressed  sample 
is  calculated  by  this  model.  The  c-axis  of  one  grain  oriented  with 
angle  0  to  the  rod  shape  sample  is  in  the  same  condition  as 
shown  Fig.l.  In  the  rod  shape  sample  model,  the  normalized 
electric  resistivity  p  (0)  and  thermal  resistivity  r  (6 )  are  given 
respectively  by 

P  (0  )/p  a=cos20  +p  c/p  asin20  (7) 

and 

r(0)/ra=cos20+rc/rasin20  (8) 

where  rc  is  thermal  resistivity  parallel  to  the  c-axis  and  ra  is 
resistivity  in  the  c-plane. 

The  two  dimensional  orientational  distribution  function  (0(0)  is 
defined  by  how  many  crystal  grains  are  oriented  to  the  direction 
with  angle  0  which  is  made  by  their  cleavage  plane  in  the  hot 
pressed  ingot  and  the  plane  perpendicular  to  the  pressed  direction. 
The  function  is  obtained  by  x-ray  measurement  [14]. 

The  electric  resistance  in  a  hot  pressed  material  is  a  series  of 
each  grain’s  resistance,  which  are  defined  in  each  orientation 
angle  0  .  Then,  using  the  orientation  distribution  function  co(0), 
the  electric  resistivity  in  the  direction  perpendicular  to  the 
pressed  direction  pa  is  normalized  by  pa  and  given  as 

PA/pa  =  ±\’,2p(d)(0(d)dd 

m  (9) 

=  J”  2  (cos2 8  + pc  / pasiir  6)(0{d)dd 


and  the  normalized  electric  resistance  in  the  direction  parallel  to 
the  pressed  direction  pc  is  given  as 

pc I  pa = ±-Cp{0)(D{ni  2- eye 

In  (10) 

=  f’/2(pc/ pa cos2  0+sin2  0)co(8)dQ 

where  (0(0)  is  normalized  for  integration  from  0  to  Jt/2; 

fit  II 

i  =  Jo  c o(6)dd  (11). 

Notation  A  indicates  the  direction  perpendicular  to  the  pressed 
direction  and  notation  C  indicates  the  direction  parallel  to  the 
pressed  direction.  With  thermal  resistivity,  we  can  obtain  this  by 
changing  a  notation  from  "p  "  to  Y\ 


Experiments 
Sample  preparation 

All  raw  materials  were  element  materials  with  the  grade  of 
99.999%.  They  were  weighed  with  the  ratio  of  stoichiometry  of 
(Bi2Te3)o.9o(Bi2Se3)(Uo  and  encapsulated  in  an  evacuated  Pyrex 
tube  with  0.3  atom  argon  gas.  Before  encapsulating,  HgCl2  was 
added  as  a  dopant.  The  raw  materials  and  dopants  which  were 
encapusultaed  in  the  Pyrex  tube  were  heated  to  above  the 
melting  point,  and  the  melt  in  the  tube  was  shacked  sufficiently 
by  the  rocking  furnace.  The  melt  was  solidified  by  the 
Bridgeman  method.  The  solidified  ingot  was  grounded  into  a 
powder  in  a  ceramic  mortar,  and  the  powder  was  shifted  between 
200  and  400  mesh  (74  micron  and  37  micron).  We  used  this 
powder  and  the  fine  powder  which  was  passed  through  the  400 
mesh  sieve  in  the  experiment.  These  powders  were  annealed  at 
620K  for  10  hours  in  a  reducing  atmosphere  of  hydrogen  gas, 
and  hot  pressing  was  accomplished  in  an  argon  atmosphere.  The 
size  of  ingot  was  40  x  40  x  20mm.  Several  ingots  were 
prepared  by  using  different  procedure  parameters;  hot  press 
temperatures,  pressures  and  powder  grain  sizes. 

X-ray  Measurement 

^ Press  direction 


T 

1 

1 

1 

0 

1 

si! 
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n 

si 
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Fig.2  Test  pieces  cut  from  hot  pressed  ingot 

Test  pieces  were  cut  from  each  hot  pressed  ingots  with  a  tilting 
angle  0,  as  shown  in  Fig.2.  The  tilting  angle  was  from  0  to  90 
degrees.  The  size  of  the  test  piece  was  25  x  7.5  x  1  mm.  Each 
test  piece  was  set  in  a  X-ray  diffractometer  holder  (  CuKa 
radiation,  50KV  and  150mA)  and  the  area  25x7. 5mm2  was 
irradiated  by  the  X-ray.  Fig.  3  and  Fig.4  show  XRD  patterns  of 
the  hot  pressed  sample  cut  with  tilted  0  degree  and  90  degrees, 
(perpendicular  press  direction  and  parallel  press  direction), 
respectively  at  room  temperature.  Reflections  such  as  (0,0,3), 
(0,0,6)  and  (0,0,15)  were  observed  in  the  0-degree  sample  very 
well,  but  their  intensities  became  very  weak  in  the  90-degree 
sample.  We  measured  the  integral  intensities  of  the  Bragg 
reflection  (0,0,6)  in  dozen  pieces  which  were  tilted  in  angles 
from  0  to  90  degrees  without  any  intensity  correction.  The 
intensities  of  each  piece  were  plotted  as  variables  of  the  tilted 
angles. 
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Fig.  3  XRD  pattern  of  the  hot  pressed  sample  tilted  0  degree 


Fig.  4  XRD  pattern  of  the  hot  pressed  sample  tilted  90  degrees 

Measurement  of  the  thermoelectric  properties 
The  electrical  resistvity,  the  Seebeck  coefficient  and  the  thermal 
conductivity  were  measured  at  room  temperature  (300K).  The 
electrical  resistance  was  obtained  from  the  measurement  of  a.c. 
resistance.  The  Seebeck  coefficient  was  obtained  by  measuring 
the  thermopower  which  was  caused  by  the  temperature 
difference.  The  thermal  conductivity  was  measured  using  TF101 
Test  System  which  was  made  by  TE  Techonology  Inc.[15]. 

Results  and  discussion 

We  chose  three  parameters  of  the  hot  press  procedure;  hot  press 
temperature,  pressure  and  grain  size,  and  made  several  hot 
pressed  ingots  by  changing  these  parameters.  Table  1  shows  the 
procedure  parameters  of  the  each  ingot.  The  thermoelcric 
properties  of  both  the  A  and  C  direction  of  each  hot  pressed 
ingots,  the  anisotropies  of  the  electrical  resistivity  and  the 
anisotropies  of  the  thermal  conductivity  and  density  ratios  are 


shown  as  Table  2. 


Table  1  Procedure  parameters 


Ingot 

Hot  press 
temperature 
(K) 

Hot  press 
pressure 

(kg/cm2  ) 

Grain 

size 

(micron) 

A 

720 

750 

37-74 

B 

770 

750 

37-74 

C 

820 

750 

37-74 

D 

770 

1000 

37-74 

E 

770 

500 

37-74 

F 

770 

750 

under  37 

Hot  press  temperature 

Ingots  A,  B  and  C  were  pressed  at  720K,  770K  and  820K.  They 
were  made  in  the  same  conditions  except  for  the  hot  press 
temperature. 


HOT  PRESS  TEMPERATURE(K) 

Fig.5  Electrical  resistivies  of  both  the  directions  of 
Ingots  A,  B  and  C 

Fig.5  shows  the  hot  press  temperature  and  both  electrical 
conductivities;  pA  and  pC.  Resistivity  pA  is  not  changed  by  the 
hot  press  temparature  in  this  range.  On  one  hand,  the  resistivity 
pC  depends  on  the  hot  press  temperature.  It  decreases  linearly  as 
the  hot  press  temperature  increases. 

The  anisotoropy  ratio  pC/pA  also  decreases  as  the  hot  press 


Table  2  Thermoelectric  property  of  three  hot  pressed  samples  at  300K 


Ingot 

aA 

(pV/deg) 

aC 

(pV/deg) 

pA 

(pii/cm) 

pc 

(pQ/cm) 

kA  kC 

(mW/cmdeg)  (mW/cmdeg) 

pC  /pA 

kA/  kC 

Density 

ratio  % 

A 

207 

202 

1323 

2835 

15.19 

9.82 

2.14 

1.55 

99.3 

B 

208 

203 

1355 

2506 

14.29 

10.74 

1.85 

1.33 

99.8 

C 

208 

205 

1393 

2132 

13.92 

11.02 

1.53 

1.26 

99.8 

D 

210 

204 

1458 

2698 

14.66 

10.17 

1.85 

1.44 

99.8 

E 

207 

204 

1352 

2445 

14.67 

10.82 

1.81 

1.36 

99.8 

F 

238 

239 

2470 

3386 

12.38 

11 

1.37 

1.13 

98.3 
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temperature  increases.  In  the  last  work,  we  showed  that  the 
anisotoropy  ratio  depended  on  the  orientaional  distribution  of  the 
ingot.  Fig.6  shows  the  orientational  distribution  functions  of 
three  ingots,  and  Table  3  shows  both  the  measured  and  the 
calculated  anisotoropy  ratios  of  the  electrical  resisitivty  and 
thermal  conductivities.  The  calculated  ratios  were  obtained  by 
using  Eq.  9,  10  and  each  of  the  orientational  distribution 
functions  (0(0).  We  assumed  that  the  anisotoropy  ratio  of  the 
electrical  resistivity  pc/pa  in  a  single  crystal  is  4  and  the 
anisotoropy  ratio  of  the  thermal  resistivity  rc/ra  in  a  single 
crystal  is  2  respectively  [5]  [13]. 

Ingots  A  and  B  have  similar  orientaional  distributions,  and  the 
ingot  C  has  a  weaker  random  distribution  compared  with  the 
others. 


e 


Fig.6  The  orientaional  distribution  function  of 
three  ingots  made  at  different  hot  press 
temperatures. 


Table  3  Comparison  of  the 
anisotoropies  in  ingots  A,  B  and  C 


Ingot 

H.P.Temp. 

Measurement 

Calculation  j 

pC/pA 

kA/kC 

pC/pA 

kA/kC 

A 

720 

2.14 

1.55 

1.80 

1.38 

B 

770 

1.85 

1.33 

1.88 

1.45 

C 

820 

1.53 

1.26 

1.71 

1.34 

Because  these  ingots  have  similar  orientaional  distributions,  the 
calculated  results  of  the  three  ingots'  anisotropy  ratios  are  almost 
the  same  value.  From  these  results,  it  is  realized  that  the  hot 
press  temperature's  dependence  of  pC  is  not  caused  by  the 
difference  of  the  orientational  distribution. 

It  is  natural  to  think  that  the  dependence  of  pC  is  caused  by  the 
grain's  binding.  When  an  ingot  is  hot  pressed,  the  grains  in  a 
hot  pressed  ingot  seem  to  be  bound  anisotropically  by  the 
crystal's  axis.  If  an  ingot  is  hot  pressed  at  a  low  temperature,  the 
grains  are  not  bound  enough  in  the  direction  parallel  to  the  c- 
axis,  so  the  pC  is  at  high  value.  The  imperfect  binding  along 


the  c-axis  also  influences  the  density  ratio  of  ingot  A,  which  is 
slightly  smaller  than  the  others. 

The  weaker  random  distribution  of  ingot  C  seems  to  be  caused 
by  the  growing  of  the  grains  in  the  ingots  under  high 
temparature  hot  pressing. 

Hot  press  pressure 

Ingots  D,  B  and  E  were  pressed  at  the  pressures  500,  750  and 
1000kg/cm2.  They  were  made  in  the  same  condition  except  for 
the  pressure.  Regarding  the  anisotoropy  ratio,  there  are  not  great 
differences  in  these  ingots.  The  hot  press  pressure  is  not  an 
important  procedure  parameter  for  the  orientaional  distribution  in 
this  pressure  range.  At  the  present,  we  can  not  understand  why 
the  carriers  decrease  in  ingot  D. 

Grain  size, 

Ingot  F  was  made  of  the  powder  which  size  was  under  37 
microns.  High  values  of  a  and  p  indicate  low  carrier  density  in 
ingot  F.  The  reason  of  the  decrease  of  carrier  is  not  understood  in 
detail,  but  it  seems  to  be  related  with  the  surface  of  the  powder. 
Fig.7  shows  the  orientational  distribution  functions  of  ingots  B 
and  F.  The  orientaional  distribution  of  ingot  F  shows  more 
randomness  than  in  ingot  B.  Random  distribution  makes  both 
the  electrical  and  the  thermal  conductivities  decrease.  Table  4 
shows  both  the  measured  and  calculated  anisotoropy  ratios  of  the 
electrical  resisitivty  and  thermal  conductivity.  The  calculated 
anisotoropy  ratios  are  in  good  agreement  with  the  measurement 
ones.  From  these  results,  the  decrease  of  both  the  electrical  and 
thermal  conductivities  are  only  caused  by  random  orientation.  In 
this  grain  size,  the  grain  boundary  does  not  affect  the  electrical 
and  thermal  conductivities . 


e 


Fig.7  The  orientaional  distribution  function  of 
two  ingots  made  of  different  powder’s  grain  size 


Table  4  Comparison  of  the  anisotropies 
in  ingots  B  and  F 


Ingot 

Grain  size 

Measurement 

Calculation  j 

pC/pA 

kA/kC 

pC/pA 

kA/kC 

B 

37-74 

1.85 

1.33 

1.88 

1.45 

F 

under  37 

1.37 

1.12 

1.20 

1.18 
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Conclusion 

We  evaluated  six  ingots  which  were  made  in  different  procedure 
conditions.  We  especially  noticed  the  orientation  of  grains  in  the 
hot  press  ingots.  The  hot  press  pressure  did  not  affect  the 
orientational  distribution.  The  hot  press  temperature  also  did  not 
affect  the  orientation,  but  it  affected  the  binding  of  the  grain.  In 
the  hot  pressed  ingot  achieved  at  a  low  temperature,  the  binding 
between  the  cleavage  planes  was  not  enough.  This  imperfection 
of  the  binding  made  the  anisotoropies  of  the  conductivities. 
The  procedure  parameter  which  was  the  most  influenced  in  this 
experiment  was  the  grain  size.  The  hot  pressed  material  which 
was  produced  by  the  fine  powders  tended  to  have  random 
orientational  distribution. 

After  completing  this  experiment,  we  could  not  improve  the 
orientational  distribution  in  hot  pressed  materials  which  give  a 
high  Z-value.  We  realize  that  further  experimentation  is  required 
on  this  subject,  and  want  to  continue  to  research  further. 
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Abstract. 

Thermoelectric  and  galvanomagnetic  properties  of 
n-Bi2Te3.xSex  (x  <  0.4)  solid  solutions  with  the  carrier  density 
<  MO18  cm'3  are  studied.  Some  peculiarities  of  the  mobility 
temperature  dependence  with  account  of  the  effective 
scattering  parameter  ref  are  discussed. 

Investigation  of  the  possibility  of  a  deep  cooling  by 
means  of  thermoelectric  methods  is  initiated  not  only  studies 
on  high-Tc  superconductivity  but  also  achievements  in  the 
range  of  sensor  techniques.  Investigations  of  the  materials 
based  on  solid  solutions  of  Bi  and  Sb  chalcogenides  [1]  are 
shown  that  a  six  cascades  module  may  be  produced 
maximum  temperature  difference  ATmax  =  150°  for  hot 
junction  temperature  about  300  K.  The  results  of  these 
studies  were  shown  that  a  decrease  of  the  carrier  density  is 
allowed  to  use  of  the  n-type  materials  at  more  low 
temperatures. 

The  parameter  (m7m)3/2  p0  (  where  m*  and  p0  are  the 
density  of  states  effective  mass  and  the  mobility  of  charge 
carriers  with  account  of  degeneracy  of  an  electron  gas,  m  is 
the  free  electron  mass  )  is  the  important  value,  that  defines  a 
figure  of  merit  Z  at  considered  temperature  in  the  range  of 
impurity  conductivity.  A  comparison  of  the  mobility  value 
from  data  on  different  authors  [2-5]  are  not  always  corrected 
because  in  refs.  [2-3]  the  mobility  in  bismuth  telluride  and 
solid  solutions  is  calculated  from  measurements  of  all 
indispensable  galvanomagnetic  effects  and  in  refs.  [4-5]  from 
electroconductivity  and  Hall  effect  data  only.  Nevertheless 
temperature  dependence  of  the  mobility  in  Bi2Te3  is  detail 
investigated  since  the  carrier  density  is  constant  at  studied 
temperatures  and  the  dependence  of  p0(T)  may  be  calculated 
from  the  experimental  temperature  dependence  of  a(T). 

The  electroconductivity  temperature  dependence  for 
classical  statistic  and  the  acoustic  mechanism  of  carrier 
scattering  can  be  represented  in  the  following  form: 


The  electroconductivity  a0  is  considered  in  the  case 
of  arbitrary  degeneracy  analogously  of  p0- 

The  experimental  dependences  of  ct(T)  in  Bi2Te3 
with  carrier  densities  (1+10) -1019  cm  3  are  differed  from 
T  '3/2  (  from  T  '2  to  T  A2  )  and  are  explained  by  weak 
temperature  dependence  of  the  density  of  states  effective 
mass  [6,7].  For  low  carrier  density  ( n  <  1018  cm  ‘3 )  the  more 
strong  change  of  the  mobility  with  temperature  is  observed  : 
the  dependence  of  the  form  p0  ~  T  "2  3  [8]  is  explained  by 
temperature  dependence  of  m  ,  a  variation  of  the  mobility 


p0  ~  T  ‘2  8  [9]  is  connected  to  influence  of  scattering  on 
optical  phonons  for  temperature  below  Debye  one.The 
analogous  of  g(T)  dependences  are  observed  in  Bi2Te3-based 
on  solid  solutions  with  increase  of  the  carrier  density  n.  The 
index  of  a  power  in  the  dependence  of  g(T)  for  equal  n  is 
decreased  in  comparing  with  Bi2Te3  owing  to  additional 
scattering  on  the  atoms  of  the  second  component  of  solid 
solution.  Investigation  of  Bi2Te3_xSex  (0  <  x  <  0.3)  solid 
solutions  is  limited  usually  by  the  range  of  the  optimal  carrier 
density  n  =  (1+  3)  1019cm’3  near  the  room  temperature.  These 
materials  with  low  density  (n  <  10 18  cm’3)  is  not  studied 
systematically,  but  this  range  of  concentrations  is  interested 
not  only  for  practical  application,  but  it  is  permitted  to  study 
specific  peculiarities  of  scattering  mechanism. 

At  the  present  work  thermoelectric  and 
galvanomagnetic  properties  of  n-Bi2Te3_xSex  (x  =  0.3;  0.36) 
solid  solutions  were  measured  in  the  range  of  temperature 
interval  from  80  to  300  K.  Samples  for  measurements  were 
grown  by  directed  crystallization  method  in  the  conditions 
excluding  a  concentration  overcooling  [10].  The  temperature 
gradient  on  the  front  of  crystallization  was  about  200  K  cm'1, 
a  rate  of  crystallization  was  no  more  than  0.5  mm/min. 
Cleavage  planes  (0001)  in  the  samples  were  oriented  along 
crystallization  axis,  block-crystalline  structure  of  the  samples 
provided  to  cut  single  crystals  for  measurement  of  Hall 
effect. 

Instead  of  widely  used  doping  of  ordinary  impurities 
(  halogenides  of  some  metals  )  we  now  used  excess  Te  for 
deviation  from  stoichiometric  composition.  This  way 
permitted  to  exclude  the  influence  of  the  additional  scattering 
on  donor  impurities  especially  for  low  temperatures  and  to 
obtain  the  materials  with  controlled  values  of  the  carrier 
density. 

Usually  analysis  of  temperature  dependences  of  the 
thermoelectric  properties  is  carried  out  for  the  acoustic 
mechanism  of  carrier  scattering  (  a  scattering  parameter  r  = 
-0.5,  where  r  is  the  index  of  a  power  in  the  dependence  of 
relaxation  time  x  on  energy  :  x  =  x0Er  ).  Such  analysis 
without  account  of  complicated  band  structure  and  a  mixed 
scattering  mechanism  in  the  solid  solutions  based  on  Bi2Te3 
may  be  used  for  qualitative  estimations.  In  ref.  [11]  the 
thermoelectric  and  the  galvanomagnetic  properties  of 
p-Bi2_xSbx  Te3  solid  solutions  are  analyzed  assuming  a  non¬ 
parabolic  one-band  model  and  mixed  carrier  scattering.  The 
results  of  investigations  of  the  thermoelectric  and  the 
galvanomagnetic  properties  in  bismuth  telluride  and  its  solid 
solutions  [12]  are  shown  the  necessity  to  use  the  effective 
scattering  parameter  reff.  The  parameter  reff  takes  into  account 
as  peculiarities  of  the  band  structure  as  the  mechanism  of 
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carrier  scattering.  The  value  re{T  is  changed  from  -  0.38  to 
-  0.82  on  composition  of  solid  solution,  temperature  and 
carrier  density  [12,13]. 

Temperature  dependences  of  the  thermoelectric 
power  a  and  the  electroconductivity  a  in  Bi2Te3_xSex  (x  = 
0.3;  0.36)  solid  solutions  are  shown  in  Fig.  1,2.  High  values  of 
the  thermoelectric  power  in  studied  temperature  interval 
(Fig.2,  curves  1,2,4)  point  out  to  low  carrier  concentration  of 
the  samples.  Sharp  temperature  dependence  of  the 
electroconductivity  is  connected  with  increasing  of  the 
mobility  at  low  temperatures. 


Fig.l  Temperature  dependences  of  the  electroconductivity  a 
in  Bi2Te3_xSex  solid  solutions, 
x:  1,2,  3 -0.3;  4 -0.36. 

Analysis  of  the  experimental  data  of  a(T)  and  a(T) 
are  carried  out  in  accordance  with  the  expressions  applied  for 
semiconductor  in  the  range  of  impurity  conductivity  and  a 
arbitrary  degeneracy: 


4(2jtm  k0T)3,iF1/2Ol) 

”  ”  V^h3  <2> 


ct  -  en|u 


(3) 


Vn  Fr+l/2  (n) 

2  r(r  +  3/2)F1/20i)N  <4) 


Fig.2  Temperature  dependences  of  the  thermoelectric  power 
a  in  Bi2Te3_xSex. 
x:  1,2, 3, -0.3;  4 -0.36. 

The  parameter  (m  /m)  p0  may  be  obtained  from 
the  experimental  data  on  a  and  a  in  accordance  with  the 
expressions  (2,3)  for  some  assumption  about  scattering 
mechanism.  For  calculation  of  the  mobility  p0  and  the 
effective  mass  mVm  it  is  required  to  define  a  value  of  the 
carrier  density.  A  calculation  of  the  carrier  density  in 
anisotropic  materials  with  complicated  band  structure  besides 
Hall  effect  data  is  needed  the  data  on  galvanomagnetic 
effects  and  information  about  a  scattering  mechanism.  In 
anisotropic  materials  the  expression  for  the  carrier  density  is 
given  by: 

A(r,  n)B 

n  = -  (7) 

Pl23Q 
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where  A(r,r|)  is  a  Hall-factor,  B  is  an  anisotropy  parameter: 


B  = 


Pi  1  Pi  133 
2 

Pi  23 


(8) 


P(r,r|)  is  a  degeneracy  parameter,  pu,p123,  P1133  -  components 
of  the  resistance,  Hall  effect  and  magnetoresistivity  tensors. 


Fig.  3  Temperature  dependences  of  the  Hall  coefficient  p123 
in  Bi2Te3_xSex  (x=0.3)  solid  solutions, 
n,  1018  cm'3 :  1  -  0.8;  2  -  1 ;  3  -  4. 

The  temperature  dependences  of  Hall  coefficient 
p123  are  shown  in  Fig.  3.  Estimations  of  the  carrier  density 
were  carried  out  according  to  the  expressions  (7,8)  with 
account  of  the  dependences  of  B  =  f(n)  [13]  and  a  =  f(reff,  n), 
reff  =  f(n,  T)  [12,14].  The  values  of  n  for  these  two  methods 
were  closed  and  were  equal  to  (0.8  +  1)  -1018  cm’3. 

The  form  of  p123  (T)  dependence  (Fig.3)  and  also  the 
carrier  density  n  values  show  that  a  second  band  in  the 
conduction  band  of  the  solid  solution  is  not  occupied  (curves 
1,2).  Change  of  P123CO  may  be  explained  with  influence  of 
anisotropy  of  the  scattering.  In  the  samples  at  n  =  4-1018  cm  '3 
the  second  band  is  occupied. 

The  temperature  dependences  of  p0(T)  are  shown  in 
Fig.4.  Values  of  p0  more  higher  in  one-band  samples  (curves 
1,2,4)  due  to  deficiency  of  interband  scattering. 


Fig.  4  Temperature  dependences  of  the  mobility  \i0  in  Bi2Te3. 
xSex  solid  solutions, 
x:  1,2,  3, -0.3;  4 -0.36. 

Analysis  of  ji0(T)  dependence  with  account  of  reff 
shows  to  some  peculiarities  in  comparing  with  the  analysis 
for  the  acoustic  scattering  mechanism.  The  expression  for 
angle  coefficients  s  =  d  In  p^d  In  T  are  not  linear  function  in 
considered  temperature  interval.  However  for  low  and  high- 
temperature  intervals  d  lnjVdlnT  dependences  may  be 
studied  as  linear  one.  A  change  of  s  value  is  observed  near 
Debye  temperature  (TD  =  155  K  for  Bi2Te3).  In  the  solid 
solution  with  low  carrier  density  n  =  (1-^0. 8)  -1018cm"3  the 
angle  coefficients  are  equal  to  |s|  =  1.75  -5-  1.9  at  T  <  TD  ,  and 
|s|  —  1.2  -r  1.3  at  T  >  Td.  The  values  |s|  decreases  to  (1.4  -M.6) 
with  growth  of  the  carrier  density  (  n  =  41018  cm  *3)  at  T  < 
Td  due  to  increasing  of  a  number  of  the  scattering  centers. 

The  angle  coefficients  s  may  be  also  calculated  from 
the  temperature  dependence  of  electroconductivity  since  the 
carrier  density  does  not  changed  in  the  investigated 
temperature  range.  The  values  of  s  =  d  In  aj  d  InT  for  the 
acoustic  mechanism  of  carrier  scattering  have  some  average 
values  (1.6  -j-1.7)  in  the  interval  to  80-f240  K  in  accordance 
with  [7,9].  Changing  of  s  =  d  In  |Vd  In  T  at  temperature  near 
Td  indicates  to  varying  of  the  scattering  mechanism:  for  T  < 
Td  a  scattering  on  optical  phonons  become  noticeable. 

From  the  expressions  (2-4)  the  density  of  states 
effective  mass  mVm  (Fig. 5)  was  obtained.  A  strong  increase 
of  mVm  in  the  samples  with  high  carrier  density  (Fig. 5, 
curves  3)  may  be  explained  with  influence  of  the  additional 
band  with  more  effective  mass  in  the  conduction  band  of 
solid  solution. 
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Fig. 5  Temperature  dependences  of  the  effective  mass  mVm  in 
Bi2Te3.xSex  solid  solutions, 
x:  1,2,  3 -0.3;  4 -0.36. 

The  effective  mass  mVm  may  be  presented  in  the 
exponential  form  (m Vm  ~  T  1 )  in  the  low-temperature  range 
only  for  T  <  TD  since  t  =  f  (T).  Therefore  evaluation  of  t 
value  from  the  thermoelectric  power  temperature  dependence 
using  the  angle  coefficients  d  In  F1/2/d  In  T  is  possible  only  at 
low  temperature.  The  angle  coefficient  t  is  equal  to  0.2  for  at 
low-  and  0.4  at  high-carrier  density  T<TD . 

Increasing  of  the  mobility  in  the  low-temperature  range 
leads  to  increase  of  the  figure  of  merit  Z  which  was  obtained 
from  experimental  data  on  thermoelectric  power  a, 
electroconductivity  a  and  thermoconductivity  k.  The  values 
of  figure  of  merit  Z  are  equal  to:  Z  =  (2.0  +  2.3)  *10  "3  K"1  at 
80  ^-100  K  in  Bi2Te3_xSex  (x  =  0.3;  0.36)  solid  solution 
samples  with  low  carrier  density  (0.8  -h1)  *1018  cm"3  which  is 
optimal  at  these  temperatures. 
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Abstract 

B^Teg-based  thermoelectric  materials  have  been 

studied  for  fabrication  parameters  and  orientation 
effects.  The  powder  particle  sizes  were  less  than  150 

pm  and  the  mixtured  grain  sizes  after  sintering  were 
observed  in  scanning  electron  microscope.  As  the 
results,  electrical  resistivity  was  40%  lower  by 
reducing  powders  before  pressing,  and  cold 
isostatic  press  took  away  the  layer  structures  formed 
with  pressing.  The  direction  to  the  pressing  and  the 
measurements  indicated  lower  resistivities  (30-60%) 
for  both  p-  and  n-  Bi2Te3 ,  then  Z  values  were  2. 05 

and  2.23  K'*  for  those  types,  respectively.  It 
should  be  notified  that  the  composites  of  large  and 
small  garains  will  mitigate  an  enhancement  of 
electrical  resistivity7  and  reduce  thermal  conductivity 
in  a  sintered  specimen. 

Introduction 

Bi-^Tej  -based  thermoelectric  materials  have  been 

actively  studied  for  a  cooling  devices  for  an 
electronic  substrate  and  some  other  local  cooling  in 
these  years.  Fabrication  method  should  be 
investigated  for  enchancement  of  figure  of  merit  as 
well  as  that  in  the  total  system  of  the  modules.  The 
powder  particle  size  dependencies  of 
thermoelectrical  properties  were  reported  by 
Sugihara  et  al.[  1  ].  Smaller  powder  particles  will  be 
better  to  obtain  lower  electrical  resistivity,  and  the 
control  of  the  microstructures  after  sintering  are 
important  in  terms  of  the  constituents  of  a  larger 
grains  and  smaller  ones. 

As  the  other  parameters,  the  reduction  of  the 
powder  has  been  dicsussed  to  result  in  enhancement 
of  electron  mobility,  then  the  increase  of  the  Z 
value[2].  The  orientation  of  the  thermoelectric 
properties  due  to  anisotropy  were  also  reported  to 


indicate  the  better  properties  in  the  perpendicular 
direction  to  the  pressing  [2],  1.3],  [4]. 

The  purposes  of  present  study  are  to  clarify  the 
effect  on  the  thermoelectric  properties  of  the  powder 
reduction,  cold  isostatic  press(CIP),  anisotropy  and 
to  discuss  the  microstructures  relating  to  the 
properties. 

Experiment 

The  n-  and  p-  bismuth  telluride  ingots(Ferro  Tech. 

Co.  Ltd. )  are  purverized  in  Ar  atmosphere  and  sieved 
with  the  size  less  than  150  pm.  The  part  of  the 
powders  are  provided  for  reducing  for  3  hrs  in 
93%Ar  +  7%  H2  atmosphere  (Ar+H2  )  at  300  °C. 

The  reduced  powder  and  no-reduced  powder(normal 
powder)  were  pressed  at  200  MPa.  The  one  group 
of  green  pellets  was  employed  for  CIP  at  300  MPa 
followed  by  sintering  for  2  hrs  at  450°C  in  the  Ar 
and  the  another  group  was  proceeded  in  Ar+H2 

atmosphere.  Moreover,  no  sintering  process  after  the 
CIP  was  also  studied.  The  size  of  sintered  specimen 
was  12-13  mm  in  diameter  and  13-14  mm  in 
thickness,  then  slightly  polished  for  obtaining  the 
perpendicularity  at  the  both  ends.  Seebeck 
coefficient  and  electrical  resistivity  were  measured 
with  a  four-  probe  method  and  thermal  conductivity 
was  evaluated  with  a  laser  flash  method.  The 
microstructures  were  analyzed  with  scanning 
electron  microscope  (SEM). 

Results  and  discussion 

Effects  of  CIP 

The  layered  structures  were  usually  seen  in 
perpendicular  to  the  pressing  direction  when  B^Teg 

powder  were  pressed  as  shown  in  Fig.  1  (a)  and  the 
cross  section  at  the  pressed  surface  exhibited  just  flat 
,  showing  the  large  dark  part  of  ingot  or  the  plate- 
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like  grains  with  more  than  100  |im  after  press  in 
Fig.  1(b).  It  is  said  that  the  anisotropy  exhibits 
different  thermoelectric  properties  |3J.  Electrical 
conductivity  ,for  instances, was  shown  to  be  much 
higher  in  perpendicular  to  the  c-axis  of  the  crystal|41, 
and  it  was  evaluated  by  Hall  coefficient  that  the 
crystal  c-axis  almost  equals  to  the  pressing  direction 
1 2],  Figure  2(a)  and  2(b)  show  Seebeck  coefficients 
and  electrical  resistivities  for  the  CIPed  green  pellets 
by  the  p-type  powders  proceeded  in  Ar  atmosphere  ( 
specimen  No.  PN3(n))  and  in  Ar+H9  (specimen  No. 


Fig.  2  Seebeck  coefficient(a)  andresistivity(b)of 
CIPed  greenpellets;powder  processing: 
PN3(n)  in  Ar  and  PR3(r)  in  Ar+H2. 

boundaries  much  containing  in  the  CIPed  specimens 
without  sintering  and  no  phonon  drag  exists  at  high 
temperatures  like  50  °C  than  the  Debye  temperature, 
then  the  ratio  does  not  largely  change  as  a  result. 
After  sintering,  Seebeck  coefficient  and  resistivity 

were  250  pV/K  and  1.14X  10“^  Qm  for  the  p-type 
pellets  by  the  reduced  powder,  respectively.  By  the 
CIP  processing,  layer  structures  were  distorted  as 
shown  in  Fig.  3(a)  particularly,  but  the  faces  to  the 
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.  4  Powder  processing  dependencies  of 
Seebeck  coefficient  (a)  and  resistivity  (b) 
for  p-B^Tej;  powder  processing:  PS  l(n) 

in  Ar  and  PS2(r)  in  Ar+ Im¬ 


pressing  direction  in  Fig.3(b)  did  not  differ  from  the 
specimen  proceeded  without  CIP.  The  distortion  of 
the  layers  by  CIP  was  not  much  although  anisotropy 
was  alleviated. 

Powder  .reducing 

As  shown  in  Fig.  2(b),  the  resistivity  of  the  CIPed 
pellet  by  the  reduced  powder  in  Ar  +  H2  atmosphere 

was  larger  than  that  of  the  pellet  by  the  processing 
in  only  Ar.  The  p-type  sintered  pellet  by  the  powder 
heat-treated  in  Ar  +  H2  had  lower  resistivity  than 


that  of  the  pellet  by  the  powder  proceeded  in  Ar 
atmosphere  as  shown  in  Fig.  4(b),  which  tendency 
coincided  with  the  result  by  Kaibe  [2],  It  is  said  to 
be  the  number  of  carrier  reduced  because  of 
decreasing  oxygen  content  but  mobility  increased 
leading  to  lower  resistivity  [2],  They  did  not  report 
Seebeck  coefficient  which  did  not  exhibit  much 
differences  in  our  results  as  seen  Fig.  4(a),  This 
fact  is  associated  with  that  the  grains  already  grew  in 
the  reducing  powder  at  450  °C ,  and  formed  necking 
between  grains  after  sintering  as  shown  in  Fig.  5(a) 

and  5(b).  The  resistivities  were  10.5X10"5  and 
8.  OX  10-5  Qm  for  the  sintered  pellets  by  the  powder 
processing  in  Ar  and  in  Ar+  H2,  respectively,  which 

sintering  were  performed  in  the  same  atmosphere  of 
15th  International  Conference  on  Thermoelectrics  (1996) 


Fig. 5  SEM  photographs  of  p-BTjTe-^  by  normal 
powder:  sintering  in  Ar  (a)  and  Ar+H2  (b). 


Ar.  The  pellets  by  the  powder  proceeded  in  Ar+ 
H2  presented  24  %  lower  resistivity  than  the  pellets 

inAr. 

The  sintered  pellet  is  considered  to  be  a  composite 
of  the  part  of  a  large  alloy  with  the  sintered  area 
containing  small  grains.  The  relationship  between 
thermal  and  electrical  conductivity  is  qualitatively 
explained  in  the  macroscopic  mean;  In  the  part  of  the 
alloy,  electrical  and  thermal  conductivity  are  larger 
due  to  less  grain  boundaries,  while  mean  free  path  in 
the  sintered  area  is  shorter  resulting  in  the  lower 
thermal  conductivity  as  shown  in  the  following 
equation, 

K=  (xc2/3)  k2  T  N  t  /m  (1) 


as  well  known  in  Wiedemann-Franz  law  in  pure 
metal,  where,  k,T  and  m  are  usual  physical 

meanings  and  N  ;  the  number  of  electrons  and  t; 

mean  free  path.  Electrical  conductivity  (a)  is  also 
described  in  the  equation  below , 

o  =  N  x  /  m  (2) 

As  far  as  those  equations  are  applied  to  the  metal, 
both  thermal  and  electrical  conductivity  are  lower  in 
the  small  grains  than  those  in  large  grains.  As 
shown  in  Fig.  6,  however,  the  contact  area  of  large 
flat  grains  to  small  grains  is  larger  when  the  smaller 
grains  are  sandwiched  between  fiat  large  grains  as 
compared  to  that  the  larger  grains  are  sandwiched,  in 


CXXXX)Q 


A 


B 


Fig.  6  Model  for  a  composite  of  large  grains  and 
small  grains-  sandwiches. 


Fig.  7  Seebeck  coefficient^  a)  and  resistivity(b)  of 
p-Bi2Te3  for  different  measuring  direction ; 
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which  are  analogous  to  the  electrodes,  hereby 
electrical  conductivity  can  be  improved.  Meanwhile 
phonon  can  not  transmit  from  the  layer  A  to  the  B 
layer  or  vis  a-vis  due  to  lower  energy  than  electron, 
then  thermal  conductivity  becomes  lower. 

Anisotropy  of  thermoelectric  properties 

Figure  7  shows  the  different  directions  of  the 
measurement  and  to  pressing  pressure  for  electrical 
resistivities  of  p-type  specimens.  The  measurement 
direction  of  perpendicular  to  the  pressing  exhibited 
about  60  %  lower  resistivities  for  both  pressures 
than  that  in  the  parallel  one.  Those  results  can  be 
understood  by  the  microstructure  of  the  layer  as 
shown  in  Fig.  1 .  The  anisotropic  resistivites  of  the  n 
type  specimens  are  indicated  in  Fig.  8,  showing 
about  30%  lower  resistivity  in  perpendicular 
direction.  These  results  conincided  with  the  report 
that  resistivity  in  perpendicular  was  lower  in 
general [2].  There  were  not  significantly  depending 
on  the  direction  in  the  Seebeck  coefficient  for  both 
p-  and  n-  type  as  shown  in  Table  1 .  Since  the  heat 
flow  and  electrical  current  take  part  in  Seebeck 
coefficient  ,  concerning  problems  are  complicated, 
not  only  the  direction  (anisotropy)  but  also  other 
factors  should  be  considered.  Moreover,  the  thermal 
conductivities  for  p-  and  n-  types  were  20  to  30  % 
lower  in  the  perpendicular  than  those  in  parallel.  The 

Z  values  of  2. 05  and  2.23  K“^  for  p-  and  n-  types, 
respectively,  were  obtained  even  in  an  about  one 
order  higher  resistivity. 

Conclusion 

The  sintered  p-  and  n-  type  Bi2Te3  were  studied 

with  the  process  parameters  such  as  powder 
reduction,  cold  isostatic  press  and  the  direction  of 
the  cut  specimens  and  measurement  to  the  pressing. 
The  conclusions  are  as  follows; 

1)  Electrical  resistivity  had  a  tendency  to  be  one 
fourth  lower  by  reducing  the  powders. 

2)  The  layer  structure  after  pressing  was  broken  by 
cold  isostatic  press  , which  did  not  exhibit  significant 
results  of  thermoelectricities  although  the  anisotropy 
was  taken  away  somewhat. 

3)  The  direction  to  the  pressing  and  the 
measurements  indicated  lower  resistivities  (30-60%) 
for  both  types,  then  Z  values  were  2.05  and  2.23 

K1  for  p-  and  n-  type,  respectively. 
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Fig.  8  Seebeck  coefficient(a)  and  resistivity(b)  of 
n-Bi2Te3  for  different  measuring  direction ; 


Table  1  Thermoelectric  properties  of  sintered  p-  and  n-type  6^63  at  50  °C 
(O;  Cold  Isostatic  Press  additionally,  X;  no  CIP,  *;  perpendicular  to  press  ) 


Specimen 

CIP 

a  (jt/V/K) 

p  (  Qin) 

K  ( W/mK  ) 

Z(K~‘  ) 

p  PR2 

X 

218 

6. 50x1  O’5 

0.61 

1.22 

PR4 

O 

250 

1.14x1 0'4 

0.60 

0.91 

PN1 

X 

230 

1.08X10"4 

0.74 

0.66 

PC2 

X 

230* 

4.30xl0'5* 

0.60 

2.05 

n  NN1 

o 

-130 

1 . 70x  1 0'5 

0.80 

1.24 

NN2 

o 

-115 

1.28xl0‘5 

0.50 

2.07 

NN5 

X 

-125 

1.45x10  5 

0.70 

1.54 

NC2 

X 

-105* 

l.OlxlO5* 

0.49 

2.23 

4)  The  composite  of  large  grains  and  small  ones 
will  mitigate  an  enhancement  of  electrical  resistivity 
and  reduce  thermal  conductivity  in  a  sintered 
specimen.  Thermoelectrical  properties  can  be 
improved  by  the  cotrolled  constituents  of  the  larger 
grains  and  the  smaller  ones. 
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Abstract 

The  pseudo-ternary  alloy  of 
(Bi2Te3)(Sb2Te3)(Sb2Se3)  has  been  explored  for 
over  twenty-five  years  with  little  progress  in  the 
figure  of  merit,  p-type  3.4xlO‘3/K  and  n-type 
3.2x10'3/K,[1-5]  Using  multiple  dopants,  Te  and 
Sbl3,  higher  figure  of  merit  material  can  be 
achieved  without  creating  more  of  the  deleterious 
pure  Te  commonly  found  as  a  second  phase  in 
the  p-type  alloy,  (Bi2Te3)25(Sb2Te3)72(Sb2Se3)3. 
Using  a  combination  of  the  two  dopants  figures 
of  merit  as  high  as  3.7xlO'3/K  have  been 
achieved. 

Using  two  dopants  has  also  permitted 
the  creation  of  an  n-type  alloy  with  a  composition 
of  (Bi2Te3)7o(Sb2Te3)25(Sb2Se3)5.  Previously  n- 
type  doping  could  not  be  achieved  with  a  single 
dopant  because  the  alloy  as  grown  always 
exhibits  p-type  conductivity.  Using  Te  and  Sbl3 
together  as  dopants,  or  Sbl3  by  itself  in  this  alloy 
produces  n-type  material  with  a  figure  of  merit  of 
3.4x10'3/K. 


Introduction 

There  has  been  only  modest 
improvement  in  the  thermoelectric  properties  of 
the  (Bi2Te3)(Sb2Te3)(Sb2Se3)  since  their  inception 
in  the  late  1960’s.  [1-5]  The  p-type  material  had 
composition  of  (Bi2Te3)25(Sb2Te3)72(Sb2Se3)3  and 
it  was  doped  by  adding  excess  Te.  The  Te 
content  was  beyond  the  solubility  limit  and 
caused  a  deleterious  second  phase  to  be  found  in 
the  alloy.  Figures  of  merit,  Z  (Equation  1) 

Z  =  a2jKp  (l) 


a-Seebeck  Coefficient  K-thermal  conductivity 
p-electrical  resistivity 

have  been  reported  as  high  as  3.4xlO'3/K.[3]  The 
n-type  alloy  has  been  (Bi2Te3)9o(Sb2Te3)5 
(Sb2Se3)5  and  the  dopant  is  Sbl3.  The  maximum 
figure  of  merit  of  the  n-type  alloy  was  reported  as 
high  as  3.2xlO'3/K.[3]  The  n-type  alloy  has  a 
lower  figure  of  merit  than  the  p-type  alloy 
primarily  due  to  a  higher  lattice  thermal 
conductivity  (Kph)  which  leads  to  a  higher  total 
thermal  conductivity  (k)  at  optimum  carrier 
concentration.  See  Equation  2  [1] 

Kph+Kej+Kamb  (2) 

Kph-phonon  thermal  conductivity 
^[-electronic  thermal  conductivity 
Kajnb-ambipolar  thermal  conductivity 

In  this  alloy  system  the  phonon  thermal 
conductivity  was  measured  by  Yim  and  Rosi  and 
has  indicated  at  higher  compositions  of  Bi2Te3 
the  phonon  contribution  to  the  thermal 
conductivity  is  lowered.  This  allows  for  higher 
figure  of  merit  material  at  higher  Sb2Te3 
compositions.  The  material  becomes  more  p-type 
in  nature  as  the  Sb2Te3  composition  is 
increased.  For  this  reason  the  n-type  material  is 
made  from  a  low  Sb2Te3  alloy  with  a  suitable 
dopant  to  make  it  n-type.  Yim  and  Rosi  found 
three  alloys  in  this  system  which  could  produce 
high  figures  of  merit  material,  see  Figure  1  [2-4] 
Improvement  in  the  n-type  material  was 
sought  by  changing  composition  to  a  higher  level 
ofSb2Te3.  The  research  by  Yim  and  Rosi 
indicated  a  peak  in  Z  at 
(Bi2Te3)7o(Sb2Te3)25(Sb2Se3)5.[2]  This  peak  is 
achieved  through  lower  thermal  conductivity  and 
higher  effective  mass.  They  reported  difficulty  in 
doping  that  composition  as  n-type  with  the 
proper  resistivity  using  a  single  dopant. [3]  In  the 
present  work  we  focus  on 
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Figure  1 -Theoretical  prediction  of  maximum  Z 
with  various  compositions  in  the 

(Bi2Te3)(Sb2Te3)(Sb2Se3).[2] 

making  this  material  n-type  using  multiple 
dopants  (Te  and  Sbl3)  to  reach  the  desired  carrier 
concentration  for  optimum  figure  of  merit. 

The  p-type  alloy  is  presently  doped  with 
Te,  an  n-type  conductor,  that  acts  to  compensate 
non-stoichiometric  holes  to  achieve  the  desired 
conductivity.  The  problem  with  Te  is  the 
solubility  limit  is  0.2  wt%  Te,  as  found  by 
metallurgical  analysis. [3]  Using  Te  in 
conjunction  with  other  n-type  dopants  (SbU, 
TeCl4,  and  SbCl3)  one  can  create  a  greater 
range  of  dopant  concentrations  without 
exceeding  the  Te  solubility  limit  further.  [6] 

This  approach  is  taken  in  the  present  research 
to  improve  the  p-type  material. 

Experimental  Procedure 

Ingots  were  produced  from  99.999% 
pure  elements  purchased  from  Alpha/ Aesar. 
Alloys  were  produced  in  fused  silica  tubes  by 
first  evacuating  with  an  absorption  pump  and 
then  backfilling  with  Argon  before  being 
sealed.  The  alloys  were  melted  and  mixed  for 
several  hours  in  a  radio  frequency  furnace.  All 
ingots  were  grown  using  a  vertical  Bridgman 
furnace  with  a  hot  zone  at  700°C  and  a 
temperature  gradient  at  the  melting  temperature 
of  25°C/cm.  The  growth  rate  was  about 
5mm/hour. 

Ingots  were  removed  from  the  fused 
silica  tubes  and  first  tested  for  resistivity  along 
the  ingot’s  length.  The  resistivity  was  measured 


using  a  4  point  probe  method.  Two  probes  were 
used  to  supply  the  current  which  was  A/C.  The 
current  was  measured  using  a  Fluke  75 
multimeter.  The  two  voltage  probes  were  gold 
coated  blades  10mm  apart  connected  to  a 
Keithley  195A  multimeter.  Knowing  the  applied 
current  (I),  measured  voltage  (AV),  point 
separation  (L)  and  area  of  the  piece  (A)  one 
could  calculate  the  resistivity  from  equation  3. 
AVA 

P  =  TT  <3) 


Pieces  were  removed  from  the  ingots  for 
Seebeck  coefficient  and  thermal  conductivity 
measurements  using  a  Metier  slow  speed  saw 
with  a  diamond  tipped  blade.  Pieces  were 
approximately  5-7mm  long  and  8- 1 0mm  in 
diameter.  The  sample  was  placed  in  an  absolute 
testing  device  as  schematically  shown  in  figure  2. 
The  sample  was  warmed  from  above  and  then 
from  below.  Using  the  thermocouples  the 
temperature  difference  and  the  voltage  produced 
across  the  sample  could  be  measured  and  this  in 
turn  can  be  converted  to  an  absolute  Seebeck 
coefficient.  The  temperature  difference  across 
the  sample  as  compared  to  the  standard  (fused 
silica)  indicates  the  thermal  conductivity.  For 
further  information  please  see  thereferences.[l,6] 
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Figure  2 -Absolute  method  used  for  measuring 
Seebeck  coefficient  and  thermal  conductivity 
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Experimental  Results 

New  n-tvne  alloy 

The  new  n-type  alloy, 
(Bi2Te3)7o(Sb2Te3)25(Sb2Se3)5,  can  be 
produced  with  either  one  or  multiple 
dopants.  Currently  both  doping 
methods  produce  ingots  with 
resistivities  that  vary  along  the  length 
when  grown  in  a  vertical  Bridgman 
furnace.  (Figure  3)  The  solubility 
limit  for  Sbl3  and  excess  Te  in  these 
alloys  is  predicted  to  be  about 
0.2wt%.[2]  The  material  can  be 
successfully  made  n-type  while  still 
being  below  the  solid  solubility  of  Sbl3. 
Using  Te  and  Sbl3  poses  the  problem 
of  exceeding  the  Te  solubility  limit 
thus  creating  a  detrimental  second 
phase.  In  this  study  no  second  phase 
could  be  detected  with  the  optical 
microscope.  However,  the  combined 
dopants  also  appears  to  create  ingots 
with  greater  variation  of  resistivity 
along  the  length  than  that  found  for  a 
single  dopant. 
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Figure  4-The  new  n-type  alloy  (•)  versus  the 
standard  n-type  alloy  grown  at  UVa  (□)  and  at 
RCA  ( A)in  terms  of  the  Seebeck  coefficient 
and  thermal  conductivity 

Seebeck  coefficient  measurements  of  the 
new  n-type  alloy  indicate  similar  properties  to  the 
standard  n-type  alloy  produced  at  UVa, 
(Bi2Te3)9o(Sb2Te3)5(Sb2Se3)5.  The  standard  n- 
type  alloy  produced  at  UVa  is  also  similar  to 
measurements  taken  by  Yim  and  Rosi  at  RCA, 
see  Figure  4.  [2]  The  thermal  conductivity 
measurements  show  an  improvement  in  the  new 
n-type  alloy  over  the  standard  alloy.  This  is  due 
to  the  lower  KPh  in  the  new  alloy  thus  leading  to  a 
lower  total  thermal  conductivity.  This  lower  total 
thermal  conductivity  leads  to  a  larger  figure  of 
merit,  as  predicted  by  Yim  and  Rosi.  [2]  A  figure 
of  merit  as  high  as  3.4xl0'3/K  has  been  achieved 
in  this  alloy  at  a  resistivity  of  1 . 1  mohm-cm. 


Figure  3-  Electrical  resistivity  versus  relative 
position  for  the  new  n-type  alloy 
(Bi2Te3)7o(Sb2Te3)25(Sb2Se3)5  The  upper  graph 
shows  the  effect  of  multiple  dopants  while  the  lower 
shows  the  effect  of  a  single  dopant. 


Improved  p-tvoe  alloy 

Using  Te  in  conjunction  with  Sbl3, 
TeCl4,  PbCl2  or  SbCl3  allowed  greater  variety  in 
resistivity  than  can  be  achieved  by  using  Te  only. 
This  greater  resistivity  variation  has  lead  to  a 
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higher  measured  figure  of  merit  of  3.8xlO'3/K. 
The  PbCl2  acted  as  a  p-type  dopant  while  the 
others  acted  as  n-type  dopants  by 
compensating  the  holes.  Figure  5  indicates 
that  through  the  use  of  multiple  dopants  the 
resistivity  versus  position  shows  more 
variation  along  the  length  than  using  Te  only 
as  a  dopant.  Further  studies  are  desired  to  see 
if  excess  Te  can  be  reduced  sufficiently  to 
eliminate  the  deleterious  second  phase. 

Measurement  of  Seebeck  coefficient 
and  thermal  conductivity  has  indicated  similar 
trends  to  that  of  the  p-type  material  doped  by 
only  Te,  see  Figure  6  A  distinct  curve  can  not 
be  drawn  that  distinguishes  multiple  dopant 
from  singly  doped  material,  due  to  the  scatter 
in  the  data.  The  scatter  in  the  data  is  believed 
to  be  due  partly  to  the  amount  of  second  phase 
material  present  in  the  ingot.  The  multiple 
dopant  material  has  produced  figure  of  merit 
material  consistently  higher  than  was  possible 
through  single  doping  with  Te.  This  increase 
we  believe  is  due  to  an  increase  in  the  hole 
mobility  and  hence  an  increase  in  the  Fermi 
energy.  This  increase  in  the  Fermi  energy 
leads  to  a  higher  Seebeck  coefficient  for  the 
desired  conductivity  in  the  absence  of  a 
second  phase.  The  thermal  conductivity  may 
be  lowered  also  but  not  as  dramatically. 
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Figure  5-  Resistivity  versus  relative  position  for  several 
doping  concentrations  in  the  p-type  alloy, 

(Bi2Te3)25(Sb2Te3)72(Sb2Se3)3 


Figure  6-  Seebeck  coefficient  and  thermal  conductivity 
versus  electrical  resistivity  for  the  p-type  material 
(Bi2Te3)25(Sb2Te3)72(Sb2Se3)3  with  varying  dopant 
concentrations 

Conclusions 

Using  Sbl3  or  Te  and  Sbl3  as  a 
compensator  instead  of  only  Te  allows  for 
production  of  a  new  n-type  alloy  that  is  improved 
over  the  present  n-type  alloys  for  cooling 
purposes.  The  new  n-type  alloy  has  a  lower 
phonon  thermal  conductivity  which  leads  to 
higher  figure  of  merit  material.  The  Sbl3  dopant 
can  also  be  used  in  the  p-type  material  to 
compensate  it  to  the  optimal  doping 
concentration.  In  this  study  it  appears  to  improve 
the  present  p-type  alloy. 
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Abstract 

Thermopower  and  electrical  resistivity  have  been  investigated 
of  p-FeSi2  single  crystals  and  p-FeSi2+x  thin  films  in  the 
temperature  range  from  40K  to  1200K.  The  single  crystals 
were  grown  by  chemical  transport  reaction  with  source 
material  of  different  purity  and  with  a  Si/Fe  ratio  between  1.5 
and  2.5  to  obtain  crystals  from  the  Fe-rich  and  Si-rich 
boundaries  of  the  homogeneity  range,  respectively.  The 
undoped  and  Co-doped  thin  films  have  been  prepared  in  the 
range  -0.06<x<0.25  by  coevaporation.  It  is  shown  that  the 
conductivity  type  of  the  single  crystals  changes  from  p-type  to 
n-type  with  increasing  purity  of  the  starting  material.  Both 
thermopower  and  resistivity  depend  on  the  deviation  from 
strict  stoichiometry.  The  low  temperature  thermopower  is 
mainly  determined  by  phonon  drag  effect.  The  undoped  films 
are  of  p-type.  It  is  shown  that  the  films  are  especially 
sensitive  to  doping  at  x«0. 13. 

Introduction 

Within  the  group  of  semiconducting  silicides  the  compound 
p-FeSi2  is  known  to  be  one  of  the  most  promising 
thermoelectric  high  temperature  materials  [1].  Many 
investigations  have  been  carried  out  over  more  than  twenty 
years  to  find  suitable  doping  elements  and  optimum  doping 
levels  in  both  n-type  and  p-type  material  for  a  high 
thermoelectric  figure  of  merit  Z,  see  e.g.  [2-14].  Most  of  the 
work  was  done  with  ceramic  material  [2-8],  but  also  thin 
films  have  been  investigated  [9-14].  It  is  well  established  that 
doping  with  transition  metals  from  the  right  side  of  Fe  in  the 
Periodic  Table  like  Co  and  Ni  yield  n-type  p-FeSi2  and 
doping  with  transition  metals  from  the  left  like  Cr  and  Mn  p- 
type  material.  But  usually  the  effect  of  doping  on  the 
thermoelectric  properties  depends  strongly  on  the  preparation 
technology  and  with  that  on  the  kind  of  the  dopant  incor¬ 
poration  and  on  non-intentional  doping.  Deviations  from 
stoichiometry  can  also  occur  and  can  give  additional  effects. 
As  a  consequence  at  the  same  level  of  intentional  doping  the 
transport  behaviour  can  be  quantitatively  quite  different. 

To  get  a  more  detailed  understanding  of  the  transport 
behaviour  of  p-FeSb  also  single  crystals  have  been 
investigated  [15-18].  Single  crystals  can  de  considered  as 
systems  with  high  structural  order  and  defined  stoichiometry. 
Their  understanding  should  be  a  basis  for  further  improvment 
of  p-FeSi2  ceramics  and  thin  films.  In  [15,16]  the  Hall 
conductivity  was  measured  and  analyzed.  It  was  shown  that 


the  mobility  can  achieve  at  low  temperature  values  up  to 
48cm2V1s'1  in  n-type  and  1200cm2V‘1s’1  in  p-type  crystals. 
These  values  are  much  higher  than  previously  observed. 
From  the  analysis  of  the  Hall  data  of  p-type  crystals  a  shallow 
impurity  at  50meV  has  been  obtained  and  an  impurity  band 
at  about  lOOmeV.  The  polar  optical  phonon  scattering  was 
found  to  be  the  dominant  scattering  mechanism  above  room 
temperature  [19].  In  [17]  also  photoconductivity  was  found  in 
n-type  crystals  which  might  be  important  for  optoelectronic 
and  photovoltaic  applications  [18]. 

In  [20]  first  results  on  the  thermopower  of  p-FeSi2  single 
crystals  have  been  reported.  Doping  was  performed  with  Cr, 
Co,  Mn  and  Ni  but  also  undoped  crystals  have  been 
considered.  It  was  found  that  between  40K  and  1200K  at 
least  four  temperature  regions  exist  with  specific  transport 
behaviour.  In  the  doped  crystals  these  four  regions  are  with 
increasing  temperature  [20]:  (i)  conduction  within  an 
impurity  band  up  to  about  100K,  (ii)  band  conduction  with  an 
enhanced  thermopower  probably  due  to  phonon  drag  up  to 
about  250...300K,  (iii)  band  conduction  with  strong  electron- 
phonon  scattering  above  room  temperature  and  (iv)  above 
600K  the  onset  of  intrinsic  conduction.  In  contrast  to  the 
doped  samples  the  behaviour  of  the  undoped  samples  was 
irregular  caused  by  non-intentional  doping  which  changes 
from  sample  to  sample. 

This  paper  is  a  continuation  of  [20].  In  the  first  part  the 
thermopower  and  resistivity  will  be  discussed  of  undoped  p- 
FeSi2  single  crystals  in  dependence  on  the  purity  of  the 
source  material.  It  will  be  shown  that  the  type  of  conductivity 
is  changed  from  p-type  to  n-type  if  the  impurity  concentration 
is  reduced.  These  results  will  be  compared  with  those  of  Co¬ 
doped  single  crystals.  The  second  part  is  devoted  to  undoped 
and  Co-doped  p-FeSi2+x  thin  films.  It  was  found  that  in  the 
whole  temperature  range  the  thermopower  remains  smaller 
than  in  single  crystals  and  depends  strongly  on  the  deviation 
from  stoichiometry.  Possible  explanations  will  be  discussed 
for  the  different  properties  between  thin  films  and  single 
crystals. 

Experimental 
Sample  preparation: 

The  p-FeSi2  single  crystals  were  grown  in  closed  ampoules 
by  chemical  transport  reaction  using  iodine  as  the 
transporting  agent.  In  comparison  with  [20]  we  have  changed 
kind  and  purity  of  the  starting  material.  In  [20]  as  starting 
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material  FeSi2  powder  of  99.98%  purity  was  used.  The 
doping  elements  were  added  in  a  concentration  of  2wt% 
resulting  in  a  doping  level  <0.1  at%.  Now  instead  of  FeSi2 
powder  a  mixture  of  Fe  and  Si  was  used  with  high  purity  of 
both  components  up  to  99.999%.  Up  to  now  only  undoped 
crystals  have  been  grown  with  this  pure  material.  The  com¬ 
position  of  the  starting  powder  was  in  most  cases  equal  to  the 
atomic  ratio  Si/Fe=2  of  the  disilicide.  But  also  the  ratios  2.5 
and  1.5  were  choosen  to  be  sure  to  obtain  crystals  at  the  up¬ 
per  and  lower  boundary  of  the  homogeneity  range  of  p-FeSi2. 

The  chemical  vapour  transport  was  performed  in  a  horizontal 
configuration  and  proceeded  from  a  source  at  the  temperature 
T2=1050°C  to  the  crystallization  zone  kept  at  a  lower 
temperature  Ti.  In  different  runs  Tj  was  varied  between 
750°C  and  950°C.  The  iodine  content  was  5mg  I2/cm“3,  the 
total  pressure  at  the  processing  temperatures  about  3bar.  The 
growth  times  were  in  between  1  and  2  weeks.  For 
temperatures  T!<850°C  needle-like  crystals  were  obtained 
which  are  about  8- 15 mm  long  and  have  a  diameter  of  0.5- 
2mm.  By  X-ray  diffraction  the  structure  was  checked.  The 
measured  peaks  were  correlated  only  to  the  orthorhombic  p- 
FeSi2  phase,  no  traces  of  a-FeSi2  were  found.  For  Ti=950°C 
plate-like  crystals  were  obtained  of  the  phase  a-FeSi2. 

The  p-FeSi2+x  thin  films  were  prepared  by  electron  beam 
coevaporation  of  pure  Fe  and  Si  onto  unheated  glass 
substrates.  The  film  thickness  of  the  undoped  samples  was 
about  200nm,  that  of  the  doped  ones  about  650nm. 
Annealing  after  deposition  was  caried  out  at  1 100K  to  obtain 
a  crystalline  structure.  The  doping  with  Co  was  achieved  by  a 
third  source  which  was  placed  in  the  middle  of  the  Fe  and  Si 
sources.  According  to  the  arrangment  of  the  sources  a 
concentration  profile  of  the  Si/Fe  ratio  is  achieved  across  the 
substrate  at  almost  constant  Co  concentration.  This 
concentration  profile  allows  to  obtain  FeSi2+x  films  with  a 
variation  of  the  Si/Fe  ratio  by  0.4  in  one  run. 

Transport  measurements: 

Thermopower  and  resistivity  of  the  single  crystals  and  thin 
films  have  been  measured  in  the  temperature  range  from  40K 
to  1200K.  The  thermopower  was  measured  with  a  static 
temperature  gradient,  the  resistivity  by  conventional  four 
probe  technique.  The  high  temperature  measurements  were 
carried  out  in  pure  He  atmosphere.  By  repeated  heating  and 
cooling  cycles  also  the  stability  of  the  samples  was  tested. 
Due  to  limitations  in  sample  size  and  stability  of  contacts 
high  temperature  results  could  not  be  obtained  for  all  variants 
of  crystal  growth.  The  low  temperature  measurements  were 
in  some  cases  limited  by  high  sample  resaistance. 

Results  on  undoped  p-FeSi2  single  crystals 

Undoped  single  crystals  have  been  investigated  to  obtain 
results  about  the  influence  of  non-intentional  doping  and  of 
the  deviation  from  strict  stoichiometry  on  the  transport 
properties.  The  undoped  samples  in  [20]  grown  with  FeSi2 
powder  of  99.98at%  purity  were  in  most  cases  high  ohmic 
samples  with  a  thermopower  changing  sign  with  increasing 


temperature  from  positive  to  negative.  Obviously  such 
samples  have  a  high  concentration  of  deep  impurities  and  are 
highly  compensated  [20].  With  the  new  source  material  in 
form  of  a  mixed  powder  of  Si  and  Fe  and  with  higher  purity 
completely  different  results  have  been  obtained. 

The  purity  of  the  starting  material  was  improved  by  two 
steps.  In  the  first  step  carbonyl-iron  was  used  and  in  the 
second  step  specially  prepared  Fe  with  99.999%  purity.  The 
results  of  the  thermpower  of  samples  grown  with  carbonyl- 
iron  are  shown  in  Fig.l.  These  samples  are  of  p-type  and 
have  a  small  resistivity  which  allows  measurements  at  low 
temperatures.  As  shown  in  Fig.l  magnitude  and  temperature 
dependence  of  the  thermopower  S(T)  are  very  similar  to  the 
results  found  in  Cr-doped  single  crystals  [20].  S(T)  shows  a 
maximum  or  a  plateau  at  about  15  OK  and  a  sharp  decrease 
below  100K.  The  strong  temperature  dependence  below  150K 
can  be  described  by  a  T3-law.  The  same  temperature 
dependence  is  also  observed  in  the  doped  crystals.  The  T3- 
dependence  is  characteristic  of  a  phonon  drag  contribution  to 
the  thermopower  [21].  The  large  number  of  optical  phonon 
branches  in  p-FeSi2  makes  it  very  likely  that  especially 
optical  phonons  contribute  to  the  phonon  drag  thermopower. 


Fig.  1  Thermopower  of  undoped  and  Cr-doped  («0.1at%)  p- 
type  p-FeSi2  single  crystals  (full  line:  T3-dependence) 

Single  crystals  with  the  high  purity  source  material  were 
grown  with  different  composition  of  the  source  material.  In 
table  1  preparation  conditions  as  described  above  are 
summarized  and  electrical  data  at  room  temperature  are 
given.  The  values  of  the  resistivity  are  not  very  accurately 
because  of  the  irregular  shape  of  the  needle-like  crystals,  but 
they  are  correct  at  least  in  the  order  of  magnitude  and  in  their 
mutual  relation.  The  main  difference  to  the  samples  of  Fig.  1 
is  the  negative  sign  of  the  thermopower.  Obviously  there  is 
also  a  dependence  of  the  properties  on  the  deviation  from 
strict  stoichiometry,  i.e.  on  the  composition  within  the 
homogeneity  range  of  p-FeSi2.  Samples  grown  with  Si-rich 
source  material  are  assumed  to  be  at  the  upper  boundary  of 
the  homogeneity  range,  those  grown  with  Fe-rich  powder  at 
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Table  1  Preparation  conditions  and  electrical  parameters  at 
room  temperature  of  p-FeSi2  single  crystals 


no 

initial 

comp. 

t2/°c 

T1/°C 

p/Qcm 

S/nVK'1 

EA/meV 

1 

FeSi2 

1050 

750 

20 

-600 

45 

2 

FeSi2 

1050 

800 

230 

-750 

50 

3 

FeSii.5 

1050 

750 

18 

-650 

23 

4 

FeSi2.5 

1050 

750 

8 

-300 

*40 

the  lower.  Different  deposition  temperatures  T2  will  also  yield 
different  compositions  within  the  homogeneity  range.  The 
main  differencies  in  table  1  are  the  smaller  values  of  the 
resistivity  and  thermopower  of  sample  4  in  comparison  with 
all  other  samples,  the  small  activation  energy  of  sample  3  and 
the  large  resistivity  of  sample  2.  Further  differencies  can  be 
seen  in  the  temperature  dependence  of  the  transport 
parameters. 


Fig.  2  Thermopower  of  p-FeSi2  single  crystals  prepared  with 
purified  Fe  (sample  numbers  refer  to  table  1) 


In  Fig.2  the  temperature  dependence  of  the  thermopower  S  is 
shown  of  samples  2  to  4.  As  for  doped  crystals  [20]  and  also 
for  sample  1  four  temperature  ranges  can  be  defined  with 
specific  temperature  dependence  as  discussed  in  the 
introduction.  But  there  are  several  important  differencies  to 
the  behaviour  of  the  doped  crystals  prepared  with  iron  of 
99.98at%  purity.  The  low  temperature  minimum  caused  by 
the  phonon  drag  thermopower  can  achieve  much  larger 
values  (in  one  sample  -2mV/K  was  measured)  and  depends 
probably  on  the  deviation  from  strict  stoichiometry.  The 
decrease  of  the  thermopower  above  room  temperature  caused 
by  the  onset  of  intrinsic  conduction  starts  already  at  much 
lower  temperatures.  In  sample  2  e.g.  the  thermopower  /S/  is 
decreased  until  500K  to  50pV/K,  but  in  the  Co-doped  only  to 
500pV/K  [20].  The  strong  decrease  of  the  thermopower  /S/  in 
the  undoped  crystals  above  45 OK  is  probably  the  result  of  a 


small  density  of  impurity  states  in  the  energy  gap  region.  The 
much  smaller  thermopower  of  sample  4  below  400K  in 
comparison  with  all  other  samples  is  believed  to  be  an  effect 
of  the  Si  excess  at  the  upper  phase  boundary  (deficit  of  Fe) 


Fig.  3  Resistivity  of  p-FeSi2  single  crystals  prepared  with 
purified  Fe  (sample  numbers  refer  to  table  1) 


In  Fig. 3  the  resistivity  is  shown  of  samples  2  to  4  in  the  plot 
lgp  vs.  T"1.  In  all  samples  the  activation  energy  of  the 
resistivity  above  45 OK  is  (0.42±0.05)eV,  i.e.  half  of  the 
energy  gap  as  expected  for  intrinsic  conduction.  But  there  is  a 
difference  in  the  activation  energy  of  the  shallow  impurity 
state  determined  from  p(T)  below  400K.  As  shown  in  Fig.3 
and  summarized  in  table  1  this  activation  energy  is  >40meV 
in  the  samples  prepared  with  stoichiometric  composition  and 
with  Si  excess  of  the  source  material  but  only  20meV  in  the 
sample  grown  with  excess  of  Fe.  This  difference  is  a  hint  for 
the  existence  of  another  shallow  impurity  state  at  the  lower 
phase  boundary  in  comparison  with  the  other  parts  of  the 
homogeneity  range  of  p-FeSi2. 

Results  on  p-FeSi2+x  thin  films 

Undoped  thin  films: 

From  the  results  on  undoped  single  crystals  one  has  to  expect 
that  non-intentional  doping  is  also  crucial  for  the  transport 
properties  of  the  thin  films.  Because  the  Fe  ingot  for  the 
evaporation  was  not  specially  purified  the  undoped  stoichio¬ 
metric  films  were  expected  to  be  of  p-type.  In  [10]  it  was 
found  that  the  thermopower  of  p-FeSi2+x  thin  films  changes 
sign  in  dependence  on  composition.  This  change  was  ob¬ 
served  with  increasing  x  from  positive  to  negative  at  x=0.06. 
To  get  more  information  about  possible  doping  effects  by 
such  large  deviations  from  stoichiometry  we  have  again 
measured  thermopower  and  resistivity  in  p-FeSi2+x  films. 

In  Figs. 4  and  5  the  results  are  shown  in  the  high  temperature 
range  for  0<x<0.25.  In  the  whole  considered  temperature 
range  and  for  all  compositions  the  thermopower  is  positive. 
There  is  no  change  in  sign.  The  x-dependence  of  the 
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thermopower  is  non-monotonous  with  a  maximum  at  x=0.13. 
The  maximum  in  dependence  on  temperature  lies  in  all 
samples  between  500K  and  550K.  Below  this  maximum  the 
thermopower  strongly  decreases  to  values  between  30pV/K 
and  150jiV/K  at  room  temperature  and  decreases  further 
below  300K  (not  shown  in  Fig. 4).  This  behaviour  is  quite  dif¬ 
ferent  from  that  in  undoped  and  doped  single  crystals  which 
can  be  explained  by  the  suppression  of  the  phonon  drag  efect. 


T,K 


Fig..  4  Thermopower  of  undoped  p-FeSi2+x  thin  films 

From  the  temperature  dependence  of  the  resistivity  p(T)  two 
activation  energies  can  be  estimated.  As  shown  in  Fig.  5  in 
the  high  temperature  range  all  samples  have  the  same  slope 
with  EA=0.40eV  corresponding  to  the  half  of  the  energy  gap. 
Therefore  this  decrease  of  p(T)  as  well  as  the  decrease  of 
S(T)  above  500K...550K  are  related  to  the  onset  of  intrinsic 
conduction.  The  activation  energy  at  room  temperature  is 
about  45meV.  Such  values  have  been  often  found  [16,19]  also 
in  undoped  single  crystals  (table  1). 


1000/T,1/K 

Fig,  5  Resistivity  of  undoped  p-FeSi2+x  thin  films 


Co-doped  films: 

For  the  preparation  of  the  Co-doped  films  the  same 
evaporation  material  was  used  as  for  the  undoped  films. 
Therefore,  the  non-intentional  doping  should  be  the  same. 
But  the  Co-doping  determines  the  type  of  conductivity 
already  at  concentrations  much  smaller  than  0.1at%.  In  Fig.6 
the  high  temperature  thermopower  is  shown  in  the 
composition  range  -0.06<x<0.16  for  a  Co  concentration  of 
0.8at%.  With  increasing  Si/Fe  ratio  the  thermopower 
increases  and  shows  a  broad  maximum  between  400  and 
750K.  Especially  there  is  no  strong  decrease  of  the 
thermopower  at  T>600K  as  observed  in  Co-doped  [20]  and 
undoped  single  crystals  due  to  the  onset  of  intrinsic 
conduction. 


U  .  U  . .  . . . . . . 

300  400  500  600  700  000  900 

T.  K 

Fig.  7  Power  factor  of  Co-doped  p-FeSi2+x  thin  films 


The  x-dependence  of  the  thermopower  shows  that  the  largest 
doping  effect  appears  at  x=0.16.  This  is  approximately  the 
same  x-value  where  in  undoped  films  the  largest  positive 
thermopower  was  found.  This  composition  seems  to  be  very 
sensitive  with  respect  to  doping.  The  resistivity  of  the  Co¬ 
doped  films  lies  in  the  same  order  of  magnitude  as  found  by 
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other  authors,  see  e  g.  [16].  The  resulting  power  factors  are 
shown  in  Fig.  7.  Note,  that  the  largest  values  are  found  far 
from  the  stoichiometry  at  x«0. 1. 

Conclusions 

The  effect  of  doping  and  of  deviations  from  strict 
stoichiometry  has  been  investigated  on  the  thermopower  and 
resistivity  of  p-FeSi2  single  crystals  and  p-FeSi2+x  thin  films. 

It  has  been  shown  that  for  p-FeSi2  single  crystals  the  purity  of 
the  source  material  and  with  that  kind  and  degree  of  non- 
intentional  doping  has  a  determinant  effect  on  the  type  of 
conductivity.  The  use  of  Fe  with  99.999%  purity  results  in  n- 
type  crystals,  whereas  p-type  crystals  heve  been  obtained  with 
Fe  of  lower  purity. 

By  appropriate  preparation  conditions  the  n-type  crystals 
have  been  grown  with  different  compositions  inside  the 
homogeneity  range  of  p-FeSi2.  It  could  be  shown  that  crystals 
from  the  upper  and  lower  boundaries  as  well  as  crystals 
grown  at  different  crystallization  temperatures  have  specific 
tranport  properties.  Especially  it  was  found  that 

*  the  shallow  impurity  state  has  lowest  energy  at  the  lower 
phase  boundary 

*  resistivity  and  thermopower  have  lowest  value  in  crystals 
at  the  upper  phase  boundary 

*  the  resistivity  depends  strongly  on  the  crystallization 
temperature. 

In  the  undoped  of  p-FeSi2+x  thin  films  in  the  whole 
considered  composition  range  -0.5<x<0.25  only  p-type 
conduction  was  found.  This  is  obviously  the  result  of  non- 
intentional  doping.  Co-doped  films  are  of  n-type  as  expected. 

There  is  a  clear  dependence  of  thermopower  and  power  factor 
on  the  deviation  from  stoichiometry.  The  largest  thermo¬ 
power  was  found  in  undoped  and  doped  films  at  x=0. 13.  This 
composition  seems  to  be  especially  sensitive  to  doping.  Also 
the  power  factor  has  the  largest  value  near  this  composition. 
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ABSTRACT 

The  growth  of  bulk  iron  silicide  by  Horizontal  Gradient  Freeze  (HGF)  method  was  achieved  using  different  growth  and 
annealing  conditions.  Two  types  of  annealing  process,  in-situ  annealing  and  ex-situ  annealing,  were  examined.  Three  types  of 
samples  were  prepared  and  examined;  (i)  samples  which  were  not  applied  any  annealing  processes,  (ii)  samples  which  were 
applied  in-situ  annealing,  and  (iii)  samples  which  were  applied  both  in-situ  and  ex-situ  annealing.  The  influence  of  annealing 
and  growth  conditions  upon  the  material  qualities  was  examined  and  discussed,  putting  special  emphasis  on  the  structural 
properties  and  electrical  properties.  Results  of  the  X-ray  diffraction  revealed  that  only  the  in-situ  annealing  was  not  sufficient 
for  the  peritectic  reaction  from  a  +  8  eutectic  to  peritectic  (3-phase.  However,  it  was  revealed  that,  if  the  ex-situ  annealing  is 
applied  after  the  in-situ  annealing,  the  condition  of  900°C  for  200  hours  is  enough  for  the  ex-situ  annealing  to  obtain  almost 
single  (3-phase.  It  was  also  confirmed  in  the  aspect  of  electrical  properties  that  ex-situ  annealing  at  900°C  for  300  hours  is 
enough  to  realize  electrically  semiconducting  (3-FeSi2-  The  sample  prepared  under  such  a  condition  exhibited  p-type  conductivity 
with  hole  concentration  and  hole  mobility  about  5.68  X  10^  cm“^  and  1.36  cnvVVs,  respectively. 

INTRODUCTION 


Semiconducting  silicides  have  received  considerable 
attention  as  very  attractive  materials  for  a  variety  of  electronic 
applications  [1,2].  Among  them,  beta-iron  disilicides  ((3-FeSi2) 
has  received  particular  attention  either  for  optoelectronic 
devices  (such  as  light  emitting  devices  and  solar  cells) 
integrated  on  highly  advanced  Si-technology,  or  for 
thermoelectric  devices  [3].  Advantages  in  using  (3-FeSi2  arise 
mainly  from  (i)  direct  bandgap  nature  (around  0.87  eV),  (ii) 
high  optical  absorption  coefficient,  and  (iii)  relatively  high 
thermoelectric-power  figure-of-merit  in  this  material  [3-7]. 

Thermodynamic  phase  diagram  in  iron-silicon  system  has 
been  the  subject  of  controversial  consideration  for  a  long  time, 
particularly  in  the  region  where  iron-silicon  composition  ratio 
Fe/Si  is  less  than  unity.  According  to  a  generally  accepted 
study  [8],  iron-silicon  system  in  the  composition  region  has 
three  types  of  thermodynamic  phases  named  and  e, 

which  are  called  a,  [3  and  e  respectively  in  this  paper.  The 
composition  ratio  Fe/Si  for  a,  (3,  and  e  phases  are  reported  to 
be  2/5,  1/2,  and  1/1 ,  respectively  [8].  Among  them,  only  (3- 
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FeSi2  phase  and  e-FeSi  phase  are  thermodynamically  stable 
at  room  temperature.  The  a-Fe2Si5  phase  is  stable  only 
between  937°C  and  1220°C,  while  the  £-FeSi  phase  is  stable 

o 

below  1410  C.  The  composition  ratio  Fe/Si  for  the  a-Fe2Si5 
and  e-FeSi  phases  is  exactly  equal  to  that  for  the  congruent 
melt.  On  the  other  hand,  the  (3-FeSi2  phase  is  a  peritectic  phase, 

o 

and  stable  only  below  982  C  which  is  the  peritectic 
temperature. 

The  phase  diagram  in  iron-silicon  system  suggests  that  the 
transition  from  liquid  phase  to  solid  phase  takes  place  at  about 
1212°C,  when  the  iron-silicon  mixture  with  Fe/Si  composition 
ratio  equal  to  1/2  is  cooled  down  from  liquid  phase.  The  solid 
obtained  at  the  temperature  is  an  eutectic  material,  which  is 
the  mixture  of  a-Fe2Si5  phase  and  e-FeSi  phase.  Then  the 
peritectic  reaction  takes  place  at  982°C.  Therefore,  the 
peritectic  reaction  is  necessary  to  obtain  (3-FeSb  phase,  if  the 
material  is  prepared  through  such  cooling  and  solidification 
process  of  liquid.  However,  the  requirement  for  the  peritectic 
reaction  makes  it  very  difficult  to  obtain  homogenous  and  high 
quality  (3-FeSi2  material.  In  addition,  the  speed  of  such  a 
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peritectic  reaction  from  a  +  e  phase  to  P-phase  is  considered  to 
be  extremely  low  [9].  Therefore,  the  intensive  annealing  below 
982°C  is  necessary  to  realize  homogenous  and  high  quality  P~ 
FeSi2  when  it  is  prepared  through  such  types  of  crystal  growth 
technique. 

The  important  nature  of  the  energy-band  structure  of  the  P- 
FeSi2  phase  has  been  shown  recently  [6]  to  be  very  sensitive 
to  very  small  structural  changes,  such  as  distortion  or  hydrostatic 
deformation,  which  may  induce  a  slight  change  in  the  first 
neighbor  inter-atomic  distance.  Therefore,  it  is  of  great 
importance  to  synthesize  high  quality  P-FeSi2  bulk  crystals 
for  the  full  understanding  of  its  intrinsic  properties  [9].  The 
bulk  material  will  also  be  useful  as  a  reference  for  studying  the 
properties  of  strained  or  relaxed  thin  films,  which  may  be 
subjected  to  structural  change  as  pointed  out  above. 

In  this  work,  p-FeSi2  bulk  crystals  were  prepared  through 
the  combination  of  annealing  technique  with  crystal  growth 
method  from  liquid  phase.  Particularly,  we  examined  two  types 
of  annealing  process  in  this  work;  in-situ  annealing  and  ex-situ 
annealing.  The  influence  of  annealing  conditions  and  growth 
conditions  upon  the  material  qualities  was  examined  and 
discussed,  putting  special  emphasis  on  the  structural  properties 
(  such  as  thermodynamic  phases  )  and  electrical  properties. 

EXPERIMENTAL 

Commercially  available  chunk  and  powdered  FeSi2 
materials  were  used  as  starting  materials  to  grow  p-FeSi2 
samples.  High  purity  Fe  (4N)  and  Si  (9N)  materials  were  also 
examined  as  starting  materials  to  grow  high  purity  (3-FeSi2 


samples.  Three  kinds  of  the  composition  ratio  Fe/Si  were 
selected  for  this  study  in  the  starting  materials,  which  were  Fe/ 
Si  =  1/2,  2/5  and  1/3.  The  crucibles  were  made  of  high  purity 
graphite  covered  with  boron  nitride  (BN)  powder.  In  this  work, 
we  used  a  technique  named  Horizontal  Gradient  Freeze  (HGF) 
method,  which  requires  the  melting  and  solidification  processes 
of  the  materials  in  crucible. 

Non-wetting  condition  between  crucible  and  liquid  of  the 
charged  material  is  a  very  important  point  for  any  types  of  crystal 
growth  technique  using  crucible,  since  the  wetting  condition 
gives  rise  to  the  inter-diffusion  between  crucible  and  charged 
material,  which  gives  rise  to  undesirable  contamination  from 
crucible  elements  into  charged  material.  Therefore,  it  is  essential 
to  realize  the  non- wetting  condition  to  obtain  high  quality  crystal. 
This  condition  strongly  depends  on  the  atmosphere  in  the 
furnace.  Particularly,  the  reduction  of  the  residual  H2O  vapor 
in  the  furnace  is  essential  to  realize  the  non-wetting  condition. 

In  order  to  reduce  the  residual  H2O  vapor  in  the  furnace,  we 
adopted  the  following  baking  process,  prior  to  charge  the  starting 
materials  into  the  crucible,  for  both  crucible  and  the  HGF 
furnace:  (i)  insert  empty  crucible  covered  with  BN  powder  into 
the  HGF  furnace,  (ii)  evacuate  the  furnace  down  to 
approximately  10"^  Torr,  (iii)  bake  out  the  furnace  at  400  - 
500°C  for  two  hours  under  the  vacuum,  (iv)  cool  and  fill  the 
furnace  with  high  purity  argon  gas  up  to  760  Torr,  (v)  cool  the 
furnace  down  to  room  temperature,  (vi)  repeat  the  processes 
(ii)  -  (v)  for  three  times. 

Then,  the  HGF  furnace  was  opened  and  the  crucible  was 
taken  out  to  be  filled  with  starting  materials.  Then,  we  used  the 


TABLE  1  Growth  and  annealing  conditions. 


in-situ  annealing  conditions  ex-situ  annealing  conditions 

sample  name  starting  material  Fe/Si  cooling  rate  temperature  holding  time  temperature  holding  time  remarks 

(cC/hour)  (G)  (hour)  (°C)  (hour) 


FST-la 

FeSi2  powder  (3N) 

1/2 

60 

800°C 

FST-lb 

FeSi2  chunk  (3N) 

1/2 

60 

800°C 

FST-2 

Fe(4N)+Si(9N) 

1/2 

120 

FST-4 

Fe(4N)+Si(9N) 

1/2 

60 

900°  C 

FST-5 

Fe(4N)+Si(9N) 

1/2 

60 

900°c 

FST-7 

Fe(4N)+Si(9N) 

1/2 

120 

on/vr1 

FST-8 

Fe(4N)+Si(9N) 

1/2 

120 

y\A)  L, 

FST-9 

Fe(4N)+Si(9N) 

1/2 

120 

FST-10 

Fe(4N)+Si(9N) 

1/2 

100 

FST-11 

Fe(4N)+Si(9N) 

1/2 

200 

FST-12 

Fe(4N)+Si(9N) 

2/5 

120 

FST-13 

Fe(4N)+Si(9N) 

2/5 

120 

— 

FST-14 

Fe(4N)+Si(9N) 

1/3 

120 

900°C 

FST-15 

Fe(4N)+Si(9N) 

1/3 

120 

— 

FST-16 

Fe(4N)+Si(9N) 

1/2 

120 

900°C 

FST-17 

Fe(4N)+Si(9N) 

1/2 

120 

900°C 

FST-18 

Fe(4N)+Si(9N) 

1/2 

120 

900°C 

100h  -  - 

lOOh  -  -  sample  1 


lOOh 

lOOh 

lOOh 


lOOh 

sample 

sample 

lOOh 

900°C 

200h 

sample 

lOOh 

900°C 

300h 

sample 

lOOh 

900°C 

lOOOh 

sample 
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following  procedure  for  the  crystal  growth  and  in-situ  annealing: 
(i)  fill  the  crucible  with  starting  material  and  insert  into  the  HGF 
furnace,  (ii)  evacuate  the  furnace  down  to  approximately  10“^ 
Torr,  (iii)  bake  out  the  furnace  at  800°C  for  one  hour  under  the 
vacuum,  (iv)  fill  the  furnace  with  high  purity  argon  gas  up  to 
760  Torr,  (v)  raise  the  furnace  temperature  up  to  1450°C  in  the 
argon  atmosphere,  (vi)  keep  the  furnace  temperature  at  1450°C 
during  one  hour  for  the  reaction  and  homogenization  of  the 
molten  material,  (vii)  cool  the  furnace  at  a  cooling  rate  of  Rc 
down  to  the  in-situ  annealing  temperature  T\,  (viii)  hold  the 
furnace  temperature  at  T\  for  the  time  duration  of  H\  for  in- 
situ  annealing,  (ix)  cool  the  furnace  down  to  room  temperature. 

For  ex-situ  annealing  process,  we  adopted  the  following 
process:  (i)  insert  the  grown  sample  in  quartz  tube,  (ii)  evacuate 
the  tube  down  to  approximately  10"^  Torr  and  seal  in  vacuum, 
(iii)  insert  the  tube  in  ex-situ  annealing  furnace  and  anneal  at 
900°C  for  the  time  duration  of  H2- 

In  summary,  the  following  experimental  parameters  were 
taken  as  key  parameters  to  efficiently  promote  the  conversion 
from  a  +  e  to  (3-phase  in  this  work:  (i)  Fe/Si;  iron-silicon 
composition  ratio  in  the  starting  materials,  (ii)  T\\  annealing 
temperature  for  the  in-situ  annealing,  (iii)  H\  \  holding  time  for 
the  in-situ  annealing,  (iv)  Rc\  cooling  rate  for  the  cooling  from 
1450°C  to  in-situ  annealing  temperature,  (v)  h 1 2;  holding  time 
for  the  ex-situ  annealing. 

TABLE  1  shows  the  summary  of  their  growth  and 
annealing  conditions  (  Fe/Si,  RC}  T\,  H\,  H2  ).  Three  types  of 
samples  were  prepared  and  examined  in  this  work;  (i)  samples 
which  were  not  applied  any  annealing  processes,  (ii)  samples 
which  were  applied  in-situ  annealing,  and  (iii)  samples  which 
were  applied  both  in-situ  and  ex-situ  annealing.  The  ex-situ 
annealing  was  applied  to  three  samples  named  FST16  -  18.  In 
this  paper,  however,  experimental  results  obtained  from  only 
six  samples  were  selected  and  discussed  as  the  typical  results. 
Name  of  the  selected  six  typical  specimens  are  refereed  in  the 
TABLE  1  as  sample  1-6.  Structural  characterizations  were 
earned  out  by  X-ray  Diffraction  (XRD).  The  electrical  properties 
were  characterized  by  the  van  der  Pauw  method  at  room 
temperature. 

RESULTS  AND  DISCUSSION 

XRD  study  was  performed  in  powdered  condition  for  all 
the  specimens  (  sample  1  -  6  )  to  analyze  their  thermodynamic 
phases.  Samples  before  powdering  were  also  studied  by  XRD 
from  specimens  named  sample  1-3  to  characterize  their  crystal 
quality.  The  samples  before  powdering  are  refereed  to  “as- 
grown”  samples  in  this  paper.  The  as-grown  samples  were  sliced 
in  arbitrary  direction  and  polished  for  the  XRD  study. 

The  XRD  results  obtained  from  specimens  named  sample  1 


Fig.  1  X-ray  diffraction  patterns  of  sample  1  -  3  in  as-grown 
condition. 


-  3  in  as-grown  condition  are  shown  in  Fig.  1.  The  results  exhibit 
that  all  the  samples  are  polycrystalline  materials.  Therefore,  it  is 
strongly  suggested  that  all  the  samples  grown  in  this  work  by 
the  HGF  method  must  have  polycrystalline  properties.  The  XRD 
pattern  of  the  sample  1  in  Fig.  1  consists  mainly  of  signals  related 
to  (3-phase.  On  the  other  hand,  the  results  obtained  in  sample  2 
in  the  same  figure  exhibit  almost  a-phase  related  peak?  and  very 
weak  e-phase  related  one.  The  (202)/(220)  reflection  signal 
related  to  (3-phase  is  dominant  in  the  XRD  spectrum  of  sample  3 
in  Fig.  1,  while  small  a(101)  peak  is  present. 

The  XRD  results  obtained  from  specimens  named  sample  1  - 
3  in  powdered  condition  are  shown  in  Fig.  2.  The  results  were 
inconsistent  with  those  in  Fig.  1 .  The  XRD  spectrum  of  sample 
1  in  Fig.  2  shows  comparable  a-  and  (3-phase  related  peaks  with 
very  weak  e-phase  related  one,  in  contrast  to  the  result  in  Fig.  1. 
Results  obtained  in  sample  2  in  Fig.  2  exhibit  almost  a-phase 
related  peaks  and  very  weak  (3-phase  related  one.  Results  obtained 
in  sample  3  in  Fig.  2  show  comparable  a-  and  (3-phase  related 
peaks,  in  contrast  to  the  results  in  Fig.  1.  Therefore,  the  results  of 
XRD  in  Fig.  2  clearly  suggest  that  only  the  in-situ  annealing 
under  the  condition  shown  in  TABLE  1  is  not  sufficient  for  the 
a-phase  to  be  transformed  into  (3-phase  through  the  peritectic 
reaction. 
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Fig. 2  X-ray  diffraction  patterns  of  sample  1  -  3  in  powdered 
condition. 


Fig.  3  X-ray  diffraction  patterns  of  saample  4  -  6  in  powdered 
condition. 


The  XRD  results  obtained  from  specimens  named  sample 
4  -  6  in  powdered  condition  are  shown  in  Fig.  3.  The  result 
should  be  considered  in  comparison  with  the  results  obtained 
from  sample  1  shown  in  Fig.  2,  since  all  the  specimens  named 
sample  1  and  4-6  were  prepared  under  the  same  grdwth  and 
in-situ  annealing  conditions.  Three  results  shown  in  Fig.  3  are 
all  nearly  comparable  each  other.  In  addition,  almost  all  the 
signals  appeared  in  the  spectra  shown  in  Fig.  3  are  related  to 
only  (3-phase,  although  small  peaks  related  to  a-  and  e-phases 
are  observed  as  well.  Therefore,  it  is  strongly  suggested  from 
Fig.  3  that  the  thermodynamic  phases  in  sample  4  -  6  are  almost 
(3-phase  with  very  small  amount  of  a-  and  e-phases,  in  contrast 
to  the  sample  1 .  The  result  suggests  that,  condition  of  72  =  200 
hours  at  900°C  is  enough  for  the  ex-situ  annealing  to  obtain 
almost  single  (3-phase,  through  the  peritectic  reaction. 

The  electrical  properties  were  characterized  for  sample  5. 
The  sample  exhibited  p-type  conductivity.  Hole  concentration 
and  hole  mobility  were  estimated  to  be  5.68  X  10^  cm*^  and 
1.36  cm^/Vs,  respectively.  Therefore  it  was  confirmed  also  in 
aspect  of  electrical  properties  that  annealing  condition  of  72  = 
300  hours  at  900°C  is  enough  for  the  ex-situ  annealing  to  realize 
electrically  semiconducting  (3-FeSi2- 

CONCLUSIONS 

The  growth  of  bulk  iron  silicide  by  Horizontal  Gradient 
Freeze  (HGF)  method  was  achieved  using  different  growth  and 
annealing  conditions.  Particularly,  we  examined  two  types  of 
annealing  process  in  this  work;  in-situ  annealing  and  ex-situ 
annealing.  Results  of  the  XRD  analysis  revealed  that  only  the 
in-situ  annealing  under  the  condition  adopted  for  sample  1  -  3 
is  not  sufficient  for  the  a-phase  to  be  transformed  into  (3-phase, 
through  the  peritectic  reaction  from  a  +  e  eutectic  to  peritectic 
(3-phase.  However,  it  is  also  suggested  that,  if  the  ex-situ 
annealing  was  applied  in  addition,  the  annealing  for  200  hours 
at  900°C  was  enough  for  the  ex-situ  annealing  to  obtain  almost 
single  (3-phase.  It  was  confirmed  also  in  aspect  of  electrical 
properties  that  ex-situ  annealing  for  300  hours  at  900°C  is 
enough  to  realize  electrically  semiconducting  (3-FeSi2-  The 
sample  prepared  under  such  a  condition  exhibited  p-type 
conductivity  with  hole  concentration  and  hole  mobility  about 
5.68  X  10*7  cm"3  and  1.36  cm^/Vs,  respectively. 
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Abstract 

Heat  treatment  of  a  single  phase  of  Fe-Si  system  produced 
eutectoid  microstructures  consisted  of  P  and  Si  phases.  The 
volume  fraction  of  Si  dispersoids,  0.1~0.25pm  in  size,  was 
controlled  by  varying  Si  content  within  the  compositional 
range  of  a  single  phase.  The  dispersed  Si  particles  in  the  p 
matrix  acted  as  effective  scattering  centers  for  carriers  as  well 
as  phonons. 

Introduction 

As  an  effort  for  improving  the  figure  of  merit  of  the  thermoe¬ 
lectrics,  reduction  of  thermal  conductivity  has  been  attempted 
by  inducing  phonon  scattering  without  any  harmful  effect  on 
electrical  conductivity  and  thermoelectric  power  (Seebeck 
coefficient).  In  this  context,  solid  solution  (for  Bi2Te3-based 
materials)  and  grain  refinement  or  dispersion  of  fine  particles 
(for  SiGe-based  system)  have  been  studied.  [1 — 4]  These,  in 
other  words,  were  related  to  the  attempt  to  reduce  lattice 
thermal  conductivity  by  keeping  other  variables,  including 
carrier  concentration,  to  be  constant. 

During  the  preparation  of  stoichiometric  p-FeSi2,  there  un¬ 
dergo  several  complicated  phase  transitions,  p,  a  (Fe2Si5),  e 
(FeSi)  and  Si  phases  take  part  in  phase  transformations  of 
peritectoid,  eutectoid  and  eutectic  reactions(where  a  and  s 
phases  show  metallic  properties[5,6]).  Among  the  various 
transition  phases,  eutectoid  phase  of  Si+P  mixture,  from 
which  it  is  possible  to  produce  fine  Si  dispersoids  in  p  matrix, 
are  formed  by  decomposition  of  a  phase  when  heat  treated 
below  the  eutectoid  temperature  (937°C)[7,8], 

Therefore,  it  is  expected  that  if  size  of  Si  dispersoids  is  con¬ 
trolled  to  be  fine  enough  to  affect  phonon  scattering  by  heat 
treatment,  the  decrease  in  lattice  thermal  conductivity  may  be 
achieved. 

Experimental 

Button-shape  ingots  of  a  single  phase  were  prepared  from 
elemental  Fe,  Mn  and  Si  of  >99.9%  purity  by  electron  beam 
melting  in  vacuum(~10‘6  torr),  and  they  were  remelted  five 
times  thereafter  for  compositional  homogeneity. 

Intrinsic  FeSi2  shows  a  very  low  electrical  conductivity  due  to 
its  high  band  gap  of  0.9eV[9],  It  is,  therefore,  necessary  to 
add  the  dopant  usable  in  the  wide  range  of  temperature.  In 
these  studies,  Mn  was  chosen  as  a  p-type  dopant,  and  the 
amount  of  Mn  was  varied  to  control  the  doping  effect  (or 
carrier  concentration).  For  the  investigation  into  the  effect  of 
Si  dispersion  on  thermoelectric  properties,  volume  fraction  of 
Si  was  subjected  to  change  within  the  compositional  range  of 


a  single  phase(69~71.2at%Si),  where  atomic  ratio  of  Fe  to 
Mn  was  fixed  to  be  98  to  2(see  Table  1). 


Table  1.  Chemical  compositions  of  the  specimens  used  in  this 
experiment  (wt%) 


Specimen 

Nominal 

composition 

Fe 

Si 

Mn 

1 

(Feo.98Mno.o2)Si2 

+  26vol%  Si 

42.38 

56.67 

0.87 

2 

(Feo.98Mno.o2)Si2 
+  32vol%  Si 

39.63 

59.29 

0.96 

3 

(Feo.9oMno.  i  o)  Si2 

+  26vol%  Si 

41.93 

53.58 

4.49 

The  heat  treatments  for  eutectoid  reaction  were  carried  out  at 
temperatures  of  730,  770,  810  and  850°C  for  up  to  20  hours 
in  Ar  atmosphere.  Among  those,  heat  treating  condition  at 
810°C  showed  the  highest  rate  of  eutectoid  reaction. 

Analyses  on  compositions  and  phase  transformations  were 
carried  out  by  ICP  and  XRD  respectively.  Microstructures 
of  heat  treated  specimens  were  observed  by  SEM,  and  the 
mean  size  and  average  interparticle  spacing  of  Si  dispersoids 
were  measured  by  quantitative  metallography.[10] 
Thermoelectric  properties  (Seebeck  coefficient,  electrical 
conductivity  and  figure  of  merit)  were  measured  at  500°C 
where  the  FeSi2  based  thermoelectrics  were  reported  to  show 
the  best  performance.  There  was  no  indication  of  transforma¬ 
tion  or  microstructural  changes  at  500°C.  Thermal  conductiv¬ 
ity  was  estimated  from  the  values  of  figure  of  merit  measured 
by  Harman’s  method. 

Results  and  Discussion 

As  shown  in  Table  1,  the  compositions  of  specimens  were 
(Feo,98Mno.o2)Si2  +  26vol%Si,  (Feo.98Mno.o2)Si2  +  32vol%Si 
and  (FeogoMno  io)Si2  +  26vol%Si.  They  were  designated  as 
specimen  1,  2  and  3  respectively. 

XRD  patterns  indicated  that  there  existed  only  a  phase  for  all 
specimens  before  heat  treatment.  But  as  it  was  shown  in  Fig. 
1,  a  phase  in  the  specimens  transformed  to  p  and  Si  phases 
when  heat  treated  at  810°C  for  20  hours. 

Detailed  comparison  of  integral  intensities  of  Si  (100)  peak 
(29=28.5°)  and  p  peaks  ([202]=29.09°  and  [220]=29.18°) 
showed  a  intensity  ratio  of  12  :  24  :  13  for  specimens  1,  2  and 
3,  which  means  the  fraction  of  Si  dispersoid  in  specimen  2 
was  higher  by  about  2  times  than  in  the  other  two  specimens. 
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Fig.  1.  XRD  patterns  of  (a)  ingot  specimen,  (b)  specimen  1, 
(c)  specimen  2  and  (d)  specimen  3  heat  treated  at 
810°C  for  20hr.  (CuKa) 


The  relative  XRD  intensity  of  Si  to  (3  phase  was  almost  un¬ 
changed  for  the  specimens  of  same  composition  irrespective 
of  heat  treatment  temperature.  This  means  that  the  phase 
fractions  of  Si  and  p  were  determined  solely  by  the  composi¬ 
tion  of  a  phase.  It  was  also  recognized  that  the  size  of  Si 
dispersoids  was  increased  with  heating  temperature  for  a 
given  heating  time  period.  But  phase  fraction  was  not  varied 
much  with  heat  treating  time  at  a  given  temperature. 

Photo.  1  shows  the  SEM  photographs  for  specimen  1, 2  and  3 
heat  treated  for  20  hours  at  different  temperatures.  Bright 
phases  are  Si  dispersoids  and  dark  background  is  p  phase. 
The  shape  of  the  Si  dispersoids  was  ellipsoidal  rod  having 
aspect  ratio  of  ~30.  Mean  size  changed  from  -0.1pm  to 
~0.2 5 pin  by  heat  treatment,  but  there  were  little  variations  in 
aspect  ratio  with  heat  treatment.  The  fractions  of  Si  phase 
were  found  to  be  27.0,  31.9  and  25.0  vol%  for  specimens  1,  2 
and  3  respectively  when  heat  treated  at  850°C  for  20  hours. 
In  Figs.  2  and  3,  the  variations  of  mean  size  and  interspacing 
of  Si  dispersoids  with  conditions  of  heat  treatment  were 
shown.  Figs.  2-(a)  and  -(b)  are  for  the  variations  with  tem¬ 
peratures  at  fixed  heating  time  of  20  hours,  while  Fig  3-(a) 
and  -(b)  for  the  heating  time  effect  at  a  given  temperature  of 
810°C.  During  the  eutectoid  reaction,  higher  temperatures 
enhanced  interdiffusion  rate  of  Fe  and  Si  in  the  a  phase.  That, 
in  turn,  caused  the  increment  of  the  size  and  interspacing  of 
Si  dispersoids  as  temperatures  increased.  It  seemed  that  the 
mean  size  of  Si  dispersoids  was  changed  more  effectively  by 
heat  treating  temperature  than  by  time. 


_ 1pm 

Photo.  1.  SEM  photographs  of  (a)~(d)  specimen  1,  (e)~(h)  specimen  2  and  (i)~(l)  specimen  3  heat  treated  at  various  tempera¬ 
tures  for  20  hours 
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heat  treatment  temperature  (°C) 


Fig.  2.  Variations  of  mean  size(a)  and  interspacing(b)  of  Si 
dispersoids  with  heat  treating  temperature.  (20hr) 


Fig.  3.  Variations  of  mean  size(a)  and  interspacing(b)  of  Si 
dispersoids  with  treatment  time  (heated  at  810°C) 


Fig.  4  shows  the  variations  of  thermoelectric  properties 
measured  at  500°C  as  a  function  of  heat  treating  temperature, 
where  the  time  for  heat  treatment  was  fixed  at  20  hrs. 
Thermoelectric  power  of  specimen  3  showed  a  clear  tendency 
of  increase  with  decreasing  heat  treating  temperature, 
whereas  in  the  cases  of  specimen  1  and  2,  there  was  not  such 
a  dependency  on  the  temperature.  Electrical  conductivity 
varied,  as  expected,  reversely  to  the  behavior  of  thermoelec¬ 
tric  power,  and  higher  values  were  observed  for  specimen  3 
due  to  the  comparatively  high  doping  level.  These  differences 
of  changes  for  specimen  3,  therefore,  are  believed  to  be 
caused  by  its  relatively  high  carrier  concentration.  In  other 
words,  the  more  the  number  of  carriers,  the  higher  was  the 
effectiveness  of  carrier  scattering  with  Si  dispersoids. 

The  values  for  thermoelectric  power  of  specimen  2  were 
higher  than  those  of  specimen  1  at  all  heat  treating  tempera¬ 
tures,  but  values  of  electrical  conductivity  showed  nearly 
same  values  for  two  specimens.  Reason  for  this  is  thought  to 
stem  from  the  smaller  interspacings  of  Si  dispersoids  for  the 
case  of  specimen  2  at  the  same  heat  treatment  condition(see 
Fig  2-(b)). 


Thermoelectric  figures  of  merit  for  all  specimens  showed 
considerably  low  values  (~  one  order  less)  compared  with  that 
of  P  single  phase.  Proper  reason  for  this  discrepancy  was  not 
possible  to  understand  at  present. 

Fig.  5  shows  the  estimated  thermal  conductivities  which  were 
calculated  from  the  measured  thermoelectric  power,  electrical 
conductivity  and  figure  of  merit.  These  values  are  much 
lower  than  that  of  p  single  phase.  Considering  the  fact  that 
the  thermal  conductivities  of  p  and  Si  phase  are  respectively 
3~6xl0'2  W/cmK[ll]  and  1.24  W/cmK[12],  it  is  understood 
that  the  fine  dispersoids  of  Si  phase  caused  very  effectively  to 
reduce  thermal  conductivity  of  mixed  phase.  It  is  believed 
that  the  interface  between  p  and  Si  phase  is  responsible  for 
the  scattering  of  phonons  as  well  as  carriers.  The  lack  of  data 
in  the  present  study  did  not  permit  to  analyze  the  quantitative 
contribution  of  dispersoids  to  carrier  and  phonon  scattering, 
but  the  comparatively  high  overall  effect  of  dispersoids  on 
scattering  process  was  clearly  demonstrated  by  this  work. 
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Fig.  4.  Variations  of  thermoelectric  properties  of  specimen  1, 
2  and  3  as  a  function  of  heat  treating  temperatures 


heat  treatment  temperature  (°C) 
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Fig.  5.  Estimated  thermal  conductivities  of  specimens  vs. 
heat  treating  temperatures  (heated  for  20hrs,  meas¬ 
ured  at  500°C) 


Conclusion 

From  the  investigation  into  microstructure,  constituent 
phases  and  thermoelectric  properties  of  Fe-Si  eutectoid  sys¬ 
tem,  following  results  were  obtained  : 

(1)  Size  of  dispersed  Si  phases  of  ellipsoidal  rod  in  p  matrix 
was  controllable  within  0.1~0.25pm  range.  The  mean  size 
and  interspacing  of  Si  dispersoids  were  increased  with  heat 
treating  temperature  and  time. 

(2)  Fine  Si  dispersoids  acted  as  effective  scattering  sites  for 
phonons  and  carriers,  consequently  electrical  conductivity  as 
well  as  thermal  conductivity  was  lowered  considerably,  how¬ 
ever,  increase  of  thermoelectric  power  was  not  so  profound. 
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Abstract 

To  date  the  development  of  thermoelectric  materials  and  tech¬ 
nology  has  reached  a  level,  that  allows  the  fabrication  of  reli¬ 
able  generators.  It  now  turnes  out  that  the  main  impediment  on 
the  way  to  large  scale,  commercial  (terrestrial)  applications  is 
primarily  not  the  comparable  low  efficiency  of  the  devices,  but 
the  high  investment  costs,  which  are  still  on  the  order  of  several 
ten  Dollars  per  Watt. 

Necessary  conditions  for  cost  reduction  are  the  availibility  of 

(i)  cheap,  non-toxic  materials  in  large  quantities  and 

(ii)  processing  methods  which  allow  efficient  production;  pref¬ 
erably  the  formation  of  complete  device  structures  within  a 
single,  automized  manufacturing  step. 

This  paper  introduces  plasma  spraying  as  a  forming  process 
with  the  potential  to  fulfil  the  above  stated  condition.  The  paper 
reports  on  first  studies  on  the  consolidation  and  characterization 
of  iron  disilicide  (FeSi2).  It  was  found  that  plasma  spray  form¬ 
ing  is  applicable  to  produce  dense  materials  with  properties 
comparable  to  hot-pressed  ones. 

Introduction 

Thermoelectric  (TE)  generators  have  shown  their  reliability  in 
space  applications  and  there  are  already  a  number  of  efforts  to 
bring  TE  generation  of  electricity  into  large  scale  terrestrial, 
commercial  applications  (i.e.  [1,2]).  Requirement,  however,  are 
lower  investment  costs  for  the  modules,  and  —  according  to 
ecologic  standards  —  the  employment  of  non-toxic  materials. 

In  terms  of  cost  efficiency  it  is  indespensible  to  develop  manu¬ 
facturing  processes  for  TE  devices,  which  not  only  consolidate 
the  powders  in  automized  procedures,  but  also  have  the  poten¬ 
tial  of  lateral  shape  forming  and  composition  control  of  the 
material.  This  would  give  the  possibility  to  form  complete  ele¬ 
ments,  modules,  or  functionally  adapted  TE  devices,  i.e.  inte¬ 
grated  TE  circuits,  in  a  single  manufacturing  step. 


Here,  we  introduce  plasma  spray  forming  of  powders  as  a  pro¬ 
cess  with  the  required  capabilities.  As  first  TE  material  to  be 
processed  by  plasma  spray  forming,  we  have  chosen  iron 
disilicide  (FeSi2),  which  has  an  indeed  low  conversion  effi¬ 
ciency,  but  it  meets  the  condition  of  being  cheap,  non-toxic,  and 
easy  to  handle  [3].  Additionally  it  can  be  synthesized  by  inert 
gas  atomization  [4],  i.e.  by  an  industrial  mass  production  pro¬ 
cess  and  thus  at  comparable  low  costs. 

Due  to  its  well  known  properties,  the  processing  of  FeSi2  allows 
a  valuation  of  the  novel  method’s  applicability. 


Powder  feed 


Fig.  1:  Sketch  of  a  plasma  spray  gun. 


Plasma  spray  forming 

Plasma  spraying  is  a  technology  that  has  been  widely  used  in 
the  aircraft  industry  for  coating  both  metals  and  ceramics  since 
40  years.  Coatings  are  formed  by  blowing  powder  into  a  plasma 
jet,  which  is  produced  by  an  electric  discharge  in  a  gas.  Due  to 
the  thermal  expansion  (temperature  about  10000  K),  the  plasma 
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gaines  a  velocity  on  the  order  of  1000  m/s.  The  powder  parti¬ 
cles  are  heated  and  partially  molten  by  the  hot  plasma  and  the 
then  pasty  droplets  catapulted  with  a  velocity  around  400  m/s 
onto  the  substrate  forming  flake-like  structures  (cf.  Fig.  1)  [5]. 
In  the  present  case,  however,  the  spraying  process  is  not  applied 
with  the  aim  to  form  a  coating  of  a  substrate,  but  to  form  bulk 
material,  which  itself  has  functional  aspects,  i.e.  which  TE 
properties  will  be  exploited. 

It  is  standard,  that  the  feeding  of  several  different  powders  and 
the  moving  of  the  plasma  gun  (or  the  target)  is  computerized. 
Additionally,  the  facility  allows  a  partly  shading  of  the  beam, 
which  gives  the  possibility  to  “write”  structures  consisting  of 
e.g.  alternate  layers  of  differently  doped  TE-material  as  the  one 
sketched  in  Fig.  2.  The  beam  has  a  diameter  around  10  mm  and, 
by  masking  the  powder  flow,  structures  with  sizes  of  several 
mm  are  possible  [6].  Plasma  spray  forming  can  be  used  to  built 
up  multi-layer  thermoelectric  modules  of  much  smaller  dimen¬ 
sions  than  by  conventional  hot-pressing  procedures. 


200  mbar  inert  argon  gas  (VPS). 

For  APS  and  SPS,  the  cosen  spray  parameters  were  appropriate 
to  produce  FeSi2  layers  up  to  a  thickness  of  3  mm,  which 
showed  a  mechanical  strength  almost  identical  to  that  of  hot- 
pressed  material.  Thus,  there  were  no  problems  in  cutting  and 
machining  samples  to  be  tested.  In  the  case  of  VPS,  however,  it 
turned  out  that  the  chosen  spray  parameters  together  with  the 
quite  large  powder  size  did  not  lead  to  a  sufficiently  melting  of 
the  particles. 

Whereas  with  APS  and  SPS  at  a  powder  feed  rate  of  30  g/Min 
every  scan  produced  a  layer  of  0.1  mm  thickness,  VPS  depos¬ 
ited  layers  did  not  exceed  0.02  mm  per  scan.  Preliminary  exper¬ 
iments  with  FeSi2  powder  synthetisized  by  self  propagating 
heating  synthesis  (SHS)  and  subsequent  ball  milling  produced 
much  better  results  in  terms  of  deposition  ability  and  layer  den¬ 
sity  [7].  The  material  itself,  however,  was  not  optimized  for  TE 
purposes  and  is  therefore  not  comparable.  Here,  we  will  mainly 
focus  on  the  APS  and  SPS  results. 


Fig.  2:  It  is  possible  to  produce  TE-devices  with  a  quasi-layer 
structure  by  plasma  spray  forming. 


100  pm 


Fig.  3:  Optical  micrograph  of  argon  shrouded  plasma  sprayed 
(SPS)  FeSi2  sample. 


Experiment 

Gas  atomized,  Co-  and  Al-doped,  FeSi2  powders  with  mean 
particle  diameter  of  70  pm  were  plasma  sprayed  (PS)  onto 
targets  made  of  conventional  steel  St37  or  of  Ti-6A1-4V.  The 
latter  substrate’s  thermal  expansion  coefficient  is  well  matched 
to  that  of  FeSi2. 

Spraying  distance  was  70  mm  and  PS  powers  between  20  and 
30  kW  with  pure  argon  as  plasma  gas,  and  30  kW  with 
hydrogen-addition  were  used  to  prepare  samples. 

Material  was  sprayed  in  air  (APS),  with  an  argon  shroud  to 
aggravate  oxidation  (SPS),  and  finally  in  so-called  vacuum,  i.e. 
in  a  closed  chamber  operated  below  atmospheric  pressure  at 


Results  and  discussion 
Metallography 

Fig.  3  shows  an  optical  micrograph  perpendicular  to  the  growth 
direction  of  an  as-sprayed  SPS  FeSi2  sample  deposited  at 
30  kW.  We  covered  the  sample  with  a  thin  film  of  ZnSe,  which 
enhances  optical  contrast  and  thus  makes  the  inner  grain  struc¬ 
ture  visible.  The  former  droplets,  referred  to  as  splats,  can 
clearly  be  distinguished,  because  they  are  surrounded  by  thin 
oxide  layers,  which  developed  during  the  flight  in  spite  of  the 
argon  shroud.  Compared  to  APS  samples,  the  oxide  contents  is 
reduced,  but  only  the  employment  of  VPS  prevented  oxidation 
efficiently.  The  larger  structures  are  pores,  which  area  sums  up 
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to  a  fraction  of  4.5%  as  determined  by  optical  image  processing 
[8].  The  porosity  was  found  to  be  a  function  of  the  spraying 
power.  At  the  highest  energy  setting  bulk  material  could  be 
produced,  where  the  pores  covered  only  a  fraction  of  1.6%. 
However,  Al-doped  p-type  FeSi2  showed  systematically  a  20% 
higher  porosity  than  Co-doped  material.  A  similar  behaviour 
was  observed  with  hot-pressed  material  —  Al-  and  Co-doped 
FeSi2  show  a  significant  difference  in  compatibility. 


Fig.  4:  Thermal  diffusivity  as  a  function  of  temperature  of 
plasma  spray  formed  Co-doped  n-type  FeSi2. 


Fig.  5:  Thermal  diffusivity  as  a  function  of  temperature  of 
plasma  spray  formed  Al-doped  p-type  FeSi2. 

Thermal  conductivity 

Due  to  the  rapid  solidification  during  the  spraying  procedure, 
the  quenched  FeSi2  is  still  in  its  metallic  a-phase  as  revealed  by 
x-ray  diffraction  (XRD).  In  spite  of  this,  the  thermal  diffusivity, 
Dth,  at  room  temperature  is  by  a  factor  of  3.5  lower  compared  to 
hot-pressed  material  from  the  same  powder  batch  (cf.  Figs.  4 
and  5).  Heating  the  sample  to  an  intermediate  temperature,  T, 
between  400  and  700°C  and  maintaining  the  temperature  fixed, 
a  decrease  in  Dih  is  observable.  Concomitant  XRD  investiga¬ 
tions  proved  this  to  be  the  transition  from  the  (metastable)  a 
into  the  semiconducting  p -phase.  Plotting  Dih  as  a  function  of 
time  reveals  an  exponential  decrease  with  a  time  constant,  t. 
The  value  of  t  again  is  a  function  of  the  transition  temperature 
obeying  t  =  i0Qxp(EJRT)  with  Ea  an  activation  energy,  R  the 
universal  gas  constant,  and  x0  a  scaling  parameter.  Evaluation  of 
t(7)  on  different  samples  at  different  T  revealed  an  activation 


energy  for  the  a  to  p-transition  of  200  kJ/mol  for  the  Co-doped 
n-type  and  260  kJ/mol  for  the  Al-doped  p-type  plasma  spray 
formed  FeSi2  [9]. 

When  further  rising  the  temperature  to  a  value  at  or  above 
800°C,  one  finds  an  increase  in  Dih  with  time.  The  time  con¬ 
stants  in  this  case,  however,  do  not  show  any  particular  correla¬ 
tion  with  temperature,  which  disregards  any  simple  activated 
process. 

The  measurement  cycle  is  continued  by  heating  up  to  1050°C, 
which  brings  the  material  again  into  the  a-phase  and  then 
slowly  cooling  down  to  room  temperature  allowing  the  transi¬ 
tion  into  the  p-phase  to  occur.  It  is  seen  in  Figs.  4  and  5  that  the 
Devalues  after  the  heat  treatment  are  approaching  those  of  the 
hot-pressed  FeSi2.  Indeed,  a  plot  of  room  temperature  thermal 
conductivity,  k,  vs.  heat  treatment  time  at  1000°C  shows,  that 
the  PS  FeSi2  obviously  undergoes  a  microstructural  change 
eventually  reaching  the  value  of  hot-pressed  material  (cf. 
Fig.  6).  Material  inspection  by  means  of  optical  metallography 
did  not  detect  any  obvious  reason  for  the  aging  process.  Possi¬ 
ble  mechanisms  can  be  crystallization  of  initially  (pseudo-) 
amorphous  regions  or  the  relaxation  of  flat  micropores  in  the 
bond  regions  between  the  splats  [10].  A  small  amount  of  such 
laminar  type  of  pores  can  be  very  effective,  as  they  exhibit  a 
large  scattering  cross  section. 


Tempertime  at  1000°C  in  h 


Fig.  6:  Room  temperature  thermal  diffusivity  values  of 
plasma  spray  formed  FeSi2  as  a  function  of  heat  treat¬ 
ment  time  at  1000°C. 

Electrical  conductivity  and  thermopower 

SPS  FeSi2  shows  an  extremely  low  electrical  conductivity,  a 
(cf.  Fig.  7).  Compared  to  hot-pressed  material  it  is  by  a  factor  of 
5  lower.  We  contribute  this  behaviour  to  the  oxide  contents  in 
the  samples.  This  assumption  is  supported  by  the  observation 
that  APS  FeSi2  shown  even  a  20%  lower  a.  As  seen  from  Fig.  7, 
in  contrast  to  the  thermal  conductivity,  a  does  not  show  any 
significant  dependence  on  the  aging  properties  of  the  material. 
Table  1  lists  room  temperature  values  of  k,  a,  S ,  and  carrier 
concentration,  n ,  for  “as  sprayed”  (i.e.  only  the  a -to- p-transition 
has  been  induced)  and  50  h  tempered  n-type  FeSi2  together  with 
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data  of  hot-pressed  samples  from  the  same  powder  batch.  It  can 
be  seen  that  the  thermopower,  S,  for  PS  FeSi2  is  the  same  than 
for  hot-pressed  material.  Also  here,  no  dependence  on  the  heat 
treatment  process  was  observed. 


Fig.  7:  Electrical  conductivity  of  plasma  spray  formed  Co¬ 
doped  n-type  FeSi2  after  different  heat  treatment  dura¬ 
tions  at  800°C. 


Plasma 

sprayed 

Hot  pressed 

“as  sprayed” 

50  h 

Porosity 

4.5  % 

4.5  % 

2% 

k  in  W/mK 

1.5 

4.5 

4.9 

S  in  (iV/K 

180 

180 

165 

a  in  1/Qcm 

22 

20 

100 

n  in  cm'3 

2-1021 

— 

2-1021 

Table  1:  Room  temperature  characteristics  of  plasma  sprayed 
and  hot-pressed  Co-doped  n-type  FeSi2. 

Conclusions 

Our  experiments  found  that  the  employed  Co-  and  Al-doped 
gas  atomized  iron  disilicide  powders  exhibit  a  good  sprayability 
in  case  of  APS  and  SPS  deposition.  For  VPS,  the  particle  sizes 
of  70  pm  average  were  found  to  be  too  large.  Melting  in  the 
much  faster  VPS  jet  was  not  sufficient  to  achieve  a  substantial 
deposition  rate.  Plasma  spray  formed  layers  have  to  undergo  a 
post-deposition  annealing  process  in  order  to  obtain  the  semi¬ 
conducting  p-phase.  It  seems  to  be  desirable  to  develop  a  pro¬ 
cess,  which  directly  obtains  the  required  semiconducting  mate¬ 
rial. 

Regarding  thermoelectric  properties,  APS  formed  TE-material 
can  be  disregarded,  because  of  the  too  high  oxide  content.  Em¬ 
ploying  SPS  reduces  the  amount  of  oxides  somewhat,  but  there 


is  a  demand  for  further  improvement,  as  the  electrical  conduc¬ 
tivity  is  still  extremely  low. 

The  PS  FeSi2  is  not  thermally  stable.  An  aging  process  occurs, 
which  may  be  due  to  recrystallisation  and/or  micropore  relax¬ 
ation.  Interesting  is  the  fact,  that  the  aging  process  only  affects 
the  thermal  diffusivity  (conductivity),  whereas  the  electrical 
conductivity  and  the  thermopower  remain  unchanged.  As  seen 
from  Table  1,  in  spite  of  the  low  o,  the  ZT-value  of  “as  sprayed” 
FeSi2  is  almost  that  of  hot  pressed  material  due  to  the  extremely 
low  thermal  conductivity. 
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Abstract 

This  paper  shows  the  results  of  a  study  of  electrical 
resistivity  and  thermopower  of  semiconductor  iron  disilicide 
(3  -  FeSi2  doped  with  Ru,  Rh  and  Pd  in  the  temperature 
range  300-1000  K.  Polycrystalline  samples  for  measurement 
were  prepared  by  the  vacuum-casting  method.  The  limits  of 
each  dopant  solubility  in  iron  disilicide  were  estimated  by  X- 
ray  diffraction  measurements.  It  is  shown  that  if  non-band 
conductivity  mechanism  takes  place  in  pure  iron  disilicide, 
the  addition  of  the  heavy  metals  results  in  change  of 
conductivity  mechanism.  The  results  obtained  are  discussed 
from  the  point  of  optical  phonon  drag  effect. 

Introduction 

Semiconductor  iron  disilicide  is  a  very  interesting 
thermoelectric.  It  has  low  electrical  conductivity,  high 
thermal  conductivity  of  crystal  lattice  and  notwithstanding 
these  points  doped  iron  disilicide  has  a  sufficient  figure  of 
merit  Z»  0.4*10*3  K“l.  Thermopower  (a)  of  pure  iron 
disilicide  has  a  maximum  value  up  to  500pV/K  [1]  and  its 
temperature  dependence  is  a  bell-shape  curve  [1,2].  This 
bell-shape  temperature  dependence  of  thermopower  is 
observed  not  only  on  pure  iron  disilicide  but  on  iron 
disilicide  doped  by  manganese  and  cobalt  either  [1-4].  If 
the  first  results  were  obtained  on  polycrystalline  samples 
[1,2,4]  and  could  be  connected  with  boundary  effects  [5], 
the  last  results  were  obtained  on  single  ciystals  [3]  and  so 
the  hypothesis  of  boundary  effects  can  be  neglected.  One  can 
say  there  is  no  good  explanation  of  such  a  temperature 
dependence  of  thermopower. 

A  few  years  ago  it  was  suggested  [6]  that  a  drag  of  current 
carriers  by  longitudinal  optical  phonons  could  take  place  in 
this  material.  This  work  is  devoted  to  an  experimental 
check  of  this  hypothesis.  Until  now  mainly  cobalt, 
manganese  and  aluminum  were  used  as  dopants  in  any 
systematic  study  of  iron  disilicide  thermopower.  The  mass 
and  size  of  manganese  and  cobalt  atoms  are  very  close  to 
those  of  iron  atoms.  The  mass  and  size  of  aluminum  atom 
are  close  to  those  of  silicon  atoms.  Therefore  such 
impurities  cannot  essentially  change  conditions  of  creation 
and  scattering  of  phonons  in  solid  solutions  of  iron 
disilicide  with  aluminum,  manganese  or  cobalt.  If  the 
hypothesis  of  drag  by  optical  phonons  is  correct,  doping  by 
atoms  with  mass  much  greater  or  much  less  than  that  of  iron 
or  silicon  can  drastically  change  the  shape  of  the  temperature 
dependence  of  thermopower. 

^Present  address:  Joint-stock  venture  "EKROS",  pr. 
Lunacharskogo,  47,  St.  Petersburg,  194291,  Russia 


In  this  work  we  studied  temperature  dependencies  of 
thermopower  and  electrical  conductivity  of  solid  solutions  of 
iron  disilicide  with  Pd,  Rh  and  Ru.  The  masses  of  these 
atoms  are  nearly  twice  those  of  iron.  Therefore  doping  with 
these  atoms  can  result  in  increase  of  phonon  scattering 
and  decrease  of  optical  phonon  drag  contribution  in 
thermopower. 

Samples  and  measurement 

Polycrystalline  samples  for  measurements  were  made  by 
vacuum-casting  method  [7]  as  ingots  50  mm  in  length  and  8 
mm  in  diameter  and  then  cut  with  a  diamond  disk.  The  final 
length  of  a  specimen  was  18  mm.  The  total  amount  of 
uncontrolled  impurities  was  less  than  0.03  mas%.  All 
samples  were  annealed  for  100  h  at  1000  K  to  obtain  the 
semiconductor  phase  of  iron  disilicide.  X-ray  diffraction 
measurements  were  used  to  check  the  phase  composition  of 
the  samples  and  solubility  of  dopants.  It  was  shown  that 
more  than  5  at.%  of  Rh,  less  than  3  at.%  of  Ru  and  less  than 
2  at.%  of  Pd  can  be  dissolved  in  iron  disilicide. 
Measurements  of  temperature  dependencies  of  thermopower 
and  electrical  conductivity  were  carried  out  simultaneously 
with  automatic  installation.  Accuracy  of  thermopower  and 
electrical  conductivity  measurement  was  better  than  5%. 

Experimental  results 

Figure  1  shows  the  temperature  dependencies  of  electrical 
conductivity  of  pure  iron  disilicide  and  iron  disilicide  doped 
with  palladium.  There  are  two  temperature  regions  for  all 
dependencies.  Activation  dependence  of  electrical 
conductivity  on  temperature  takes  place  in  both  regions. 
Intrinsic  electrical  conductivity  at  higher  temperature  is 
characterized  by  the  same  energy  of  activation  (Ej=0.43  eV) 
for  all  samples.  At  lower  temperature  the  activation  energy 
decreases  when  concentration  of  palladium  increases  (see 
Table  1).  Similar  dependence  of  activation  energy  on 
impurity  content  was  observed  earlier  [1,2].  Figure  2  shows 
the  temperature  dependencies  of  thermopower  measured  on 
the  same  samples.  There  is  a  systematic  modification  of  the 
dependencies  which  can  be  caused  by  compensation  holes  by 
electrons  and  then  by  increase  of  electron  concentration.  The 
variation  of  shape  of  the  dependencies  will  be  discussed 
later. 

Figure  3  shows  the  temperature  dependencies  of  electrical 
conductivity  of  pure  iron  disilicide  and  iron  disilicide 
doped  with  ruthenium  and  rhodium.  Figure  4  shows  the 
relationships  of  temperature  and  thermopower  for  the  same 
samples.  The  behavior  of  electrical  conductivity  for  both 
dopants  is  the  same  as  that  for  palladium  doped  samples. 
Moreover,  the  samples  containing  3  and  5  at%  of  Rh  show 
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Figure  1:  Electrical  conductivity  of  /?  —  FeSb,  pure  and 
doped  with  Pd. 

Symbols  correspond  to  experimental  data  and  solid  lines 
to  calculated  dependencies 


Figure  3:  Electrical  conductivity  of  (3  —  FeS^,  pure  and 
doped  with  Kh  and  Ru. 

Symbols  correspond  to  experimental  data  and  solid  lines 
to  calculated  dependencies 
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Figure  2:  Thermopower  of  /?  —  FeSi2,  pure  and  doped  with 
Pd. 

Symbols  correspond  to  experimental  data.  Solid  lines  cor¬ 
respond  to  dependencies  calculated  for  usual  one-band 
conductivity  and  dashed  line  to  that  for  optical  phonon 
drag 


Figure  4:  Thermopower  of  ‘ FeSi2j  pure  and  doped  with 
Ru  and  Rh. 

Symbols  correspond  to  experimental  data.  Solid  lines  cor¬ 
respond  to  dependencies  calculated  for  usual  one-band 
conductivity. 
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metallic  characteristics  of  conductivity  in  lower  temperature 
region.  The  behavior  of  thermopower  for  rhodium  doped 
samples  can  be  described  as  being  caused  by  electron 
concentration  increase  when  rhodium  concentration 
increases.  The  behavior  of  thermopower  for  ruthenium 
doped  samples  can  be  caused  by  compensation  of  holes  by 
electrons. 

Table  1. 

Activation  energy  of  electrical  conductivity  in  lower 
temperature  region. 


Impurity 

type 

Impurity 

content 

% 

Activatio 
n  energy 
eV 

none 

0 

0.10 

Pd 

0.5 

0.09 

Pd 

1.0 

0.07 

Pd 

1.5 

0.04 

Ru 

1.0 

0.02 

Ru 

2.0 

0.005 

Rh 

1.0 

0.01 

Discussion 

There  is  no  theory  which  can  describe  complete  behavior  of 
electrical  conductivity  and  thermopower  in  iron  disilicide. 
Another  difficulty  exists  -  temperature  dependencies  of 
thermopower  obtained  by  various  authors  for  pure  iron 
disilicide  and  doped  materials  of  similar  composition  differ 
significantly  [1,2,4]-  Figure  5  shows  temperature 
dependencies  of  thermopower  measured  by  various  authors 
on  undoped  iron  disilicide  of  various  degree  of  purity. 
Samples  of  p-FeSi2  doped  with  Co  and  Mn  usually  have 
shape  of  thermopower  temperature  dependence  close  to  that 
measured  by  Birkholz  and  Schelm  [2]  (Figure  5  -  curve  3). 

It  can  be  suggested  that  various  conductivity  mechanisms 
prevail  in  various  temperature  range.  Changing  the 
conditions  of  obtaining  iron  disilicide  can  change  the 
contribution  of  various  mechanisms  in  conductivity  and 
thermopower.  A  common  feature  of  thermopower 
measurement  on  a  majority  of  samples  of  pure  P-FeSi2  and 
doped  by  Co,  Mn,  Cr,  A1  is  a  very  abrupt  slope  of 
thermopower  temperature  dependence  at  low  temperature 
best  described  as  a  ~exp(-T()/T).  The  results  of  fitting  the 
experimental  curves  using  this  formula  is  shown  on  the 
Figure  5  in  solid  lines.  Such  a  slope  can  hardly  be  caused  by 
transition  from  band  to  polaron  conductivity  because  there  is 
no  similar  growth  of  electrical  conductivity  in  this 
temperature  region.  Polaron  theory  also  does  not  predict 
such  a  behavior  of  thermopower  [8].  When  the  existence  of 
optical  phonon  drag  effect  is  supposed  [4],  thermopower  is 
given  by  the  formula: 


1  Icb 

a- - 

3  e 


© 

T 


(1) 


where  kg  -  Boltzman  constant,  e  -  electron  charge,  v/0- 
group  velocity,  -  phonon  transport  time,  Dp0j  -  polaron 
diffusion  coefficient,  0  -  Debye  temperature.  We  calculated 
thermopower  using  the  formula  (1)  for  pure  P-FeSi2  (Figure 
2,  dotted  line ). 
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Figure  5.  Thermopower  of  pure  p-FeSi2  measured  by  various 
author.  1  -  [3],  2  -  [4],  3  -  [2],  4  -  [1,  low  purity],  5  -  [l,high 
purity].  Solid  lines  correspond  to  dependencies  calculated 
using  formula  1. 

We  calculated  either  thermopower  for  one-band  model  using 
the  value  of  thermopower  at  300  K.  These  curves  are  drawn 
in  solid  lines  on  Figures  2  and  4.  As  Figure  2  shows,  the 
thermopower  of  pure  p-FeSi2  at  lower  temperature  is  well 
described  by  formula  1.  The  curve  for  the  one-band  model 
passes  significantly  lower  than  experimental  data.  When  iron 
disilicide  is  doped  with  0.5  at.%  of  palladium,  the  one-band 
curve  is  much  closer  to  experimental  data.  When  the  amount 
of  the  impurity  is  not  less  than  1  at.%  experimental  data  at 
lower  temperatures  either  are  well  described  by  the  one-band 
model  or  the  theoretical  curve  passes  higher  than  the  data. 
Hence  it  is  possible  to  suggest  that  doping  by  high  metals 
results  in  destroying  optical  phonon  drag.  Similar  results  are 
obtained  when  p-FeSi2  is  doped  with  germanium  [9]. 

Conclusion 

So,  one  can  say,  that  doping  with  heavy  metals  results  in  a 
drastic  change  of  temperature  dependence  of  thermopower  in 
comparison  with  traditional  doping.  Hence,  the  hypothesis  of 
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optical  phonon  drag  effect  in  (i-iron  disilicide  probably  is 
correct  and  should  be  studied  in  more  detail. 
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Abstract 

Large  quadrupole  splittings(0.5.)  are  observed  in 
Co  doped  specimen  ,  compared  with  other  transition  metal 
doped  specimens  while  isomer  shifts(  I.S.)  do  not  show  large 
value.  Since  Q.S.  is  associated  with  the  electric  field  gradient 
at  nucleus  of  iron  atom  ;  we  calculate  the  potential  at  nucleus 
site  ,  assuming  .  the  interaction  between  LA-phonon- 
conduction  electron.  Through  the  calculations,  it  is  found  that 
electric  field  gradient  increase  with  the  number  of  phonons 
attached  to  a  conduction  electron  (=<  Nph  >).  Accordingly 
large  Q.S.  for  Co  doped  specimen  are  considered  to  be  due  to 
large  <  N  ph  >  in  comparison  with  those  for  other  transition 
metal  doped  specimen. 

Introduction 

Intennetallic  compound  p-FeSi2nH31  is  expected  to  be 
applied  to  thermoelectric  device  because  of  high  efficiency  of 
changing  heat  into  electric  power.  Especially  Co  or  Mn 
doped  p*FeSi2  are  very  important  material  in  the  industrial 
fields;  hence  we  measured  Mossbauer  effects  of  transition 
metal(Ti,Cr,Mn,Co  or  Ni)  doped  specimen  at  room 
temperature  and  analyzed  Q.S.  for  the  purpose  of 
investigating  the  changes  in  electronic  structure  owing  to 
doping  element. 

Experimental  Procedures 

Fe3oSi70  alloys,  Fe3o-xCoxSi70(x=l,  3)  and  Fe28M2Si70 
(M=Ti,Cr,Mn,Co  or  Ni  )  were  prepared  from  electrolytic 
iron(99.9%),  pure  silicon(99.999%),  electrolytic 
cobait(99.93%),  manganese(99.99%)  ,  titanium(99.9%), 
nickel(99.95%)  and  chromium(99.99%).  The  alloys  were 
melted  with  a  high-frequency  furnace  in  vacuum  to  prohibit 
oxidation.  For  the  purpose  of  forming  a  P~FeSi2  phase,  bars 
cut  from  the  alloy  ingots  were  annealed  in  sealed  quartz 
ampoules  for  240  hours  at  1063K  and  then  cooled  slowly  in  a 
furnace.  After  the  heat  treatment,  the  bars  were  powdered  for 
the  measurement  of  Mossbauer  effects.  Mossbauer  spectra 
of  57Fe  were  taken  at  room  temperature(about  296K)  in  a 
velocity  range  of  -4mm/sec  to  +4mm/sec. 

Thenmoelectromotive  force  for  each  alloy  was  measured  in 
the  temperature  difference  of  up  to  100K  between  hot  and 
cold  junction  with  temperature  of  cold  junction  remaining 
room  temperature( about  296K  to  302K). 

Experimental  Results 

p-FeSi2  has  very  complex  structure  with  48  atoms 
per  unit  cell  :  there  exist  two  iron  sites  with  different  atomic 
configurations  in  a  unit  cell. 

Figure  1  shows  two  different  iron  sites  ( I  site  and 
II  site)  as  stated  above.  An  iron  atom  in  each  site  is 
surrounded  by  eight  silicon  atoms.  As  shown  in  Fig.l, 


symmetry  of  each  iron  site  is  very  low  ;  accordingly  Q.S.  for 
each  iron  site  is  supposed  to  be  large. 


!  site 


II  site 


Fig.  1  Schematic  illustration  of  both  iron  sites 
( 1  site  and  II  site  ) 


M 


M 

FigJ  J.S.  of  both  iron  sites  for  Fe2(iM2Si7o  alloys 
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Figure  2(A)  and  (B)  show  the  isomer  shift s(  I.S.  )of 
I  site  and  II  site  for  Fe28M2Si70  alloy(M=Ti,Cr,Mn.Fe,Co  or 
Ni).  Both  I.S.of  doped  specimens  tend  to  be  large  in 
comparison  with  those  of  non  doped  specimens 

Figure  3  shows  the  O.S.  of  the  I  site  and  II  site 
for  Fe28M2Si7o  alloy(M=Ti,Cr,Mn.Fe,Co  or  Ni).  As  shown  in 
Fig.3,  O.S.  of  both  iron  sites  for  Co  doped  specimen  seem 
large. 

Figure  4  shows  O.S.  of  both  iron  sites  for 
Fe3o-xCoxSi7o  alloy  (x=l,2,3).  O.S.  of  both  iron  sites  increase 
with  Co  concentration. 


Fig.3  O.S.  of  both  iron  sites  for  Fe28M2Si70  alloys 


Figure  5  shows  thermoelectromotive  force  for 
Fe28M2Si7o(M=:Ti,  Cr,  Mn,  Co,or  Ni)alloys.  Thermoelectro- 
motive  force  increases  almost  linearly  with  temperature  of  hot 
junction.  Positive  thermoelectromotive  force  is  obsen/ed  in 
the  case  of  M=Ti,Cr  or  Mn  whereas  negative  one  is  observed 
in  the  case  of  M=Co  or  Ni.  It  should  be  noted  that 
thermoelectromotive  force  is  negative  when  atomic  number 
of  doping  element  is  larger  than  Fe(  M=Co  or  Ni)  and  is 


Fig,5  Thermoelectromotive  force  for  Fe28M2Si70  alloys 
where  delta  T(K)  =Th-Tc :  Th,  and  Tc  are  temperature  of 
hot  and  cold  junction. 


Eig-6  Thermoelectromotive  force  for  Fe30.xCoxSi70  alloys 

positive  when  smaller  than  Fe(  M=Ti,Cr  or  Mn  ).  From  the 
sign  of  thermoelectromotive  force,  carrier  of  Ti,Cr  or  Mn 
doped  specimen  is  supposed  to  be  hole  while  that  of  Co  or  Ni 
doped  specimen  to  be  conduction  electron. 

Figure  6  shows  thermoelectromotive  force  for 
Fe30-xCoxSi7o  alloy  (x=l,2,3).  Thermoelectromotive  force 
increases  linearly  with  the  temperature  of  hot  junction.  As 
shown  in  Fig.6,  thermoelectromotive  force  decreases  with 
increase  in  Co  concentration;  accordingly  absolute  value  of 
Seebeck  coefficient  decreases  with  increase  in  Co 
concentration. 

Discussion 

As  shown  in  Fig. 2  (A)and  (B),  I.S.  of  both  iron 
sites  for  Co  doped  specimen  seems  not  so  remarkably  large, 
compared  with  those  for  other  transition  metal  such  as  Ni  or 
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Mn  doped  specimen;  however  0.  S .  of  Co  doped  specimen 
are  large.  Since  Co  doped  P-FeSi2  is  industrially  important 
material  with  good  figure  of  merit;  accordingly  it  seems 
essential  to  examine  the  mechanism  of  large  Q.  S. 

At  first  let  consider  the  direct  effect  of  Co  atoms 
providing  that  electric  charge  of  each  atom  is  approximately 
expressed  as  point  charge(  namely,  point  charge  approximation 
as  used  often  in  the  O.S.  analysis  for  ionic  materials  ). 

Q.  S.  is  given  in  the  well-known  form  as  follows: 


0S.=  ieV0(]+y)',! 

and 


eq=  Vz 


V  -V 

XX  yy 


(1) 


(2) 


0  is  quadrupole  moment  and  Vyy  and  Vzz  are  field  gradient 
of  x,y  and  z  direction  at  57Fe  nucleus.  ;/  is  an  asymmetric 
constant.  Furthermore  V^,  Vyy  and  V7Z  satisfy 

\vxx\<\vyy\<\va\. 

Then,  based  on  the  point  charge  approximation, 
each  field  gradient  tensor  F,y  at  nucleus  site  is  easily  written 
down 


v*  = 


d2V 


d 


Kdidj)^ o  \didj 


Til 


r-R 


(3) 


r~0 


Table  I  Atomic  distance  for  Fe  I  and  Fe  II  sites,  where  Si  I  and 
Si  II  represent  Si  I  and  Si  II  sites,  respectively. 


X 

DISTANCE 

x 

DISTANCE 

(  SITE) 

(Fe  I  SITE  -  x  ) 

(  SITE) 

(Fe  II  SITE  ■ 

nm 

nm 

Si  I 

0.2338 

Si  I 

0.2347 

Si  I 

0.2338 

Si  I 

0.2347 

Si  I 

0.2376 

Si  I 

0.2333 

Si  I 

0.2376 

Si  I 

0.2333 

Si  II 

0.2385 

Si  II 

0.2429 

Si  II 

0.2385 

Si  II 

0.2429 

Si  II 

0.2339 

Si  II 

0.2335 

Si  II 

0.2339 

Si  II 

0.2335 

Fe  I 

0.3957 

Fe  I 

0.2967 

Fe  I 

0.3957 

Fe  I 

0.2967 

Fe  I 

0.3978 

Fe  I 

0.3975 

Fe  I 

0.3978 

Fe  I 

0.3975 

Fe  II 

0.2967 

Fe  II 

0.4022 

Fe  II 

0.2967 

Fe  II 

0.4022 

Fe  II 

0.3975 

Fe  II 

0.4027 

Fe  II 

0.3975 

Fe  II 

0.4027 

need  to  introduce  another  factor  .  It  seems  ,  therefore, 
reasonable  to  consider  the  role  of  conduction  electron,  since 
conduction  electrons  spread  all  over  the  crystal,  not  localized 
and  in  addition,  Co  doped  specimen  shows  n-type  behavior  of 
semiconductor. 

To  clarify  the  role  of  conduction  electron,  we 
divide  the  electron  charge  density  p(r)  into  two  parts, 


where  q  m  and  Rw  are  effective  charge  of  m-th  atom  and 
vector  from  57Fe  nucleus  to  m-th  atom  and  ij  mean  x,y 
and  z.  From  eq.(  3  )  ,  Vij  is  found  to  be  expressed  as  a 
summation  of  Cmq  m\  R,„  |  “3(  Cm  is  some  arbitrary  constant). 
Consequently  atomic  distance  from  57Fe  nucleus  to  Co 
atom  plays  very  important  role  in  determining  the  electric  field 
gradient,  namely,  O.S. 

Table  I  shows  atomic  distance  in  each  Fe  site.  As 
illustrated  in  the  table,  the  nearest  atomic  distance  from  the  Fe 

I  site  to  the  Fe  II  site  is  0.297nm  and  from  the  Fe  II  site 
to  another  Fe  II  site  is  0.402nm.  From  the  report  of  Kondo 
et  al[4],  it  is  disclosed  that  Co  atoms  mainly  occupy  site  II 
through  the  analysis  of  intensity  of  Mossbauer  spectra  . 
Thereby  the  influence  of  Co  atom  to  electric  field  gradient 
in  Fe  II  site  should  be  concluded  to  be  much  smaller  than 
that  in  Fe  I  site  because  of  the  term  of  |  Rw  |  "3,  This  means 
that  the  change  in  Q.  S.  for  Fe  I  site  is  larger  than  that  forFe 

II  site.  However  experimental  results,  as  shown  in  Fig  3  and 
4,  say  that  increase  in  Q.S.  for  both  iron  sites  is  observed, 
influence  of  Co  atom  itself  can  not  explain  the  both  increase 
in  Q.S. 

From  the  above  discussion,  it  is  disclosed  that  local 
effect  such  as  the  direct  influence  of  Co  atom  can  not 
explain  experimental  results  as  shown  in  Fig.3  and  4;  we 


P(r)=P*(r)+P  c(r) 


(4) 


where  p  in(r)  and  pc(r)  are  charge  density  of  inner  and 
conduction  electrons,  respectively.  Hence  potential  V(r)  can 
be  divided  into  two  parts: 

V(r)  =  Vin(r)  +  Vc(r)  (5) 


In  eq.(5),  potential  Vin(r)  and  Vc(r)  are  potentials  due  to 
inner  and  conduction  electrons, respectively.  Since  Vin(r)  is 
considered  to  be  constant  , regardless  of  doping  elements,  the 
change  in  Q.S  .  due  to  doping  can  be  concluded  to  be 
ascribed  to  that  in  Vc(r).  Then  Vc(r)  is  given  in  the  below 
form, 


(6) 


And  we  can  write  down  pc(r)  ,  using  Bloch  state  cp  k(r) 


/?c(R)  =  2>,(R)|2  (7) 

k 

Substituting  eq.(7)  into  eq.(6),  we  can  get 
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W  =  Z<kl]^|k)  <8> 

where 

|k>=*>k(») 


For  simplifying  the  discussion,  let  conduction 
electron  be  free  electron,  then  |k)  =  exp(zkR)  /  yfO,  (  Q 
is  volume  of  the  system),  consequently  eq.(8)  is 


TV 

Q 


n\  2 Rn 


(9) 


where  4uRo3/3  =  Q  and  r  =1  r  I .  N  is  the  number  of 
conduction  electrons. 

Hence  we  can  get  electric  field  gradient  tensor  Vi}  as 
following  form: 


4  N 
—  n  — 
3  n 


0 

1 

0 


0 

0 

1 


(10) 


Combining  eq.(10)  with  eq.(l)and(2),  we  can  conclude  Q.S. 
to  be  proportional  to  N/Q  namely,  conduction  electron 
density.  Hence  increase  in  Q.S.  for  both  iron  sites  ,  as 
illustrated  in  Fig. 4,  can  be  interpreted  as  increase  in 
conduction  electron  density  due  to  the  increase  in  Co 
concentration. 

Next  we  consider  the  Seebeck  coefficient.  Seebeck 
coefficient  S  is  considered  to  be  proportional  to  1  !n(n: 
carrier  density  );  as  illustrated  in  Fig6,  decrease  in 
thermoelectromotive  force  with  increase  in  Co  concentration 
can  be  explained  by  increase  in  electron  charge  density. 
However  Seebeck  coefficient  for  Ni  doped  specimen  ,  as 
illustrated  in  Fig.  5,  is  smaller  than  that  for  Co  doped  one, 
which  implies  that  carrier  density  of  Ni  doped  specimen  is 
larger  than  that  of  Co  doped  one.  If  carrier  density 
(conduction  electron  density  =  N/Q )  of  Ni  doped  specimen  is 
larger  than  that  of  Co  doped  specimen,  then  we  cannot 
explain  large  Q.S.  for  both  iron  sites  in  Co  doped  specimen 
because  of  Q.S.  oc  N/Q.  Hence  we  can  not  explain  large  Q.S. 
by  above  discussion. 

As  stated  above, effect  of  conduction  electron  itself 
can  not  explain  experimental  results,  with  implying  other 
interaction  .  Hence  it  appearas  reasonable  to  consider  the 
interaction  between  conduction  electrons  and  phonons.  Then 
let  introduce  LA-  phonon  -conduction  electron  interaction  for 
explaining  the  experimental  results,  especially  large  Q.S.  for 
both  non  sites  in  Co  doped  specimen.  Hamiltonian  for  the 
system  is  well-known  form  [5\ 

H-Ho+H' 

H0\k,0)  =  Ek°\k,0) 

and 


k  q 


yjlp/ 


-a+-q)c\+qck 


(11) 

where  |k,0)  is  Bloch  state  with  no  perturbation,  a+ q  and 
aq  are  formation  and  annihilation  operators  of  phonon  with 

q.  c+ k  and  Ck  are  formation  and  annihilation  operators  of 

conduction  electron  with  k.  Cj  and  po  are  deformation 
potential  constant  and  density  of  specimen.  In  the  first  order  of 
perturbation  ,  Bloch  state  is  expressed  as 

_  (k-q,lq|//’|k,0) ,  v 

k)  =  I  k,0)  +  XL  _^o — — A  k  -  <lM)  (12) 

q  A  k  A  k-q  Wq 

Substituting  eq.(12)  into  eq.(8),  we  get 


k  q 


R-r 


|k-q,lq) 

(13) 


where 


1/  k  /T  k-q  VV 


The  number  of  phonons  attached  to  a  conduction  electron 
with  k(=<  Nph>  )  is 

(NPh) = (kIZa+^lk) =  ZIA  (k^)l2 

if  we  assume  conduction  electron  to  be  free  electron  as 
discussed  previously,  then  potential  Vc(r)  is 


=  ^0 +(iV-)X2'r/?'>=  -2^-/-2/3) 


]_ 

Q. 

—I 

Q 


Hence  ,  finally  we  get 


d  z 


VC(T) 


2  c 


r= 0 


4tt  N_ 
3  Q 


(l+<w  4 


(16) 


Based  on  the  eq.(16),  large  Q.S.  observed  in  Co 
doped  specimen  is  supposed  to  be  due  to  the  term  of 
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<  N  Ph>:  the  number  of  phonon  attached  to  one  electron  is 
large  in  Co  doped  specimen.,  compared  with  other  transition 
metal  doped  one.  Hence,  though  {N/Q)  for  Ni  doped 
specimen  is  larger,  as  illustrated  in  Fig.  5,  than  that  for  Co 
doped  one,  large  Q.S.  appears  in  Co  doped  specimen  due  to 
the  term  of  (1+  <  N ph  >  )  in  eq.(16). 


Conclusion 

Large  Q.S.  is  observed  in  Co  doped  specimen. 
Since  Q.S.  is  associated  with  electric  field  gradient  at  nucleus 
of  iron  atom,  we  evaluate  electric  charge  density  of  conduction 
electron  ,assuming  LA-phonon-conduction  electron 
interaction.  Electric  field  gradient  at  nucleus  of  iron  atom  is 
found  to  increase  with  <  Nph  >;  hence  large  Q.S.  observed 
in  Co  doped  specimen  is  concluded  to  be  due  to  large 
KN  Ph>.. 
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Electronic  and  Vibrational  Properties  of  Skutterudites 
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Abstract 

Advances  in  theoretical  understanding,  numerical  algorithms 
and  computing  technology  have  made  practical  the 
determination  of  electronic,  vibrational  and  other  properties 
from  first  principles,  even  for  complex  materials  like 
advanced  thermoelectrics.  These  approaches  require  a 
minimum  of  experimental  input,  typically  only  composition 
and  crystal  structure.  As  such  they  may  be  viewed  as  a  new 
window  on  the  materials,  which  in  combination  with 
experiment  may  lead  to  new  insights  and  better  understanding 
of  the  variation  of  properties  with  variables  like  composition. 
This  may  then  lead  to  more  efficient  optimization  of 
thermoelectric  materials  and  help  in  searches  for  new 
materials.  This  paper  illustrates  how  theory  is  being  applied 
in  the  search  for  high  ZT  thermoelectrics,  mostly  through 
examples. 

Density  Functional  Methods 

Thermoelectric  (TE)  research  aimed  at  finding  new  high  ZT 
materials  faces  certain  difficulties,  not  the  least  of  which  is 
narrowing  the  search  to  a  number  of  possibilities  that  can  be 
feasibly  studied.  While  this  is  a  generic  problem  in 
exploratory  materials  research,  it  is  particularly  significant  in 
TE  efforts.  This  is  because  of  the  strong  dependence  of 
electrical  transport  properties  of  semiconductors  on  the  doping 
level  (n),  which  makes  it  necessary  to  optimize  n  in  order  to 
evaluate  a  given  material,  combined  with  the  fact  that  TE 
research  focuses  on  materials  with  at  least  potentially  low 
thermal  conductivity  ( k )  often  leading  to  the  consideration  of 
materials  with  large  complex  unit  cells.  Among  the  more 
recent  advances  in  this  area  of  research  are  a  number  of 
improved  automated  characterization  methods  and  the 
development  of  predictive  material-specific  computational 
tools,  particularly  first  principles  methods  based  on  density 
functional  theory.  This  paper  discusses  the  use  of  these  first 
principles  tools,  particularly  the  linearized  augmented 
planewave  (LAPW)  method  [1]  for  TE  research  using  the 
binary  and  Ce-filled  skutterudites  as  examples  [2,3]. 

The  basic  approach  in  first  principles  studies  is  to  start  with 
the  understanding  that  solids  are  essentially  collections  of 
electrons  and  nuclei  governed  by  the  rules  of  quantum 
mechanics  and  then  to  calculate  as  well  as  possible  the 
properties  with  minimal  experimental  input.  Modern 
calculations  are  based  on  density  functional  theory,  usually 
within  the  local  density  approximation  (LDA).  Crystal 
structure  data  is  the  only  experimental  input,  although  some 
structural  data,  like  internal  coordinates,  can  be  calculated. 
Because  such  calculations  are  not  fits  to  or  extrapolations 
from  experimental  measurements  they  can  provide  information 


on  materials  for  which  experimental  data  is  lacking  or  is 
unreliable.  In  this  sense  first  principles  calculations  may  be 
viewed  as  a  new  window  on  the  materials,  supplementing 
experimental  studies. 

Density  functional  theory  reduces  the  intractable  problem  of 
solving  the  many  body  Schrodinger  equation  for  the  strongly 
interacting  electron  system  to  that  of  finding  solutions  to  a  set 
of  single  particle  like  equations  coupled  through  a  density 
dependent  potential,  vxc(p). 

[T+Veff  (r)  -e^  ^  (r)  =0  (l) 

where  T  is  the  single  particle  kinetic  energy  and  vcff(r)  is  an 
effective  potential  that  includes  the  electron  ion  interaction  as 
well  as  electron  electron  Hartree  and  vxc  contributions,  which 
depend  on  the  charge  density, 

p(r)  =£<|>i*(r)  <!>*(*>  (2) 

occ 

where  the  sum  is  over  the  occupied  states.  An  excellent 
review  of  density  functional  theory  is  in  the  book  of  Lundqvist 
and  March  [4]. 

The  local  density  approximation  consists  in  the  use  of  the 
local  exchange  correlation  energy  and  potential  of  a  uniform 
electron  gas  with  the  local  density  p(r). 

Density  functional  theory  rigorously  gives  ground  state 
properties,  such  as  the  charge  density  and  the  total  energy. 
These  may  be  computed  as  a  function  of  the  ionic  positions 
within  the  Born-Oppenheimer  approximation,  to  calculate 
minimum  energy  structures,  phonon  frequencies  and  elastic 
properties.  Although  there  is  no  rigorous  connection  between 
the  eigenvalues,  €j  and  the  physical  excitation  spectra, 
numerous  calculations  have  shown  that  for  transition  metal 
compounds,  the  density  functional  band  structure  is  ordinarily 
a  very  close  approximation  to  the  physical  band  structure. 

Most  methods  for  solving  these  equations  in  solids  are  based 
on  basis  set  expansions  of  the  wavefunctions,  or  at  least  can 
be  shown  to  be  equivalent  to  this.  The  differences  between 
methods  are  in  the  particular  basis  set  used  (planewaves,  local 
orbitals,  muffin  tin  orbitals,  etc.)  and  the  representations  of 
the  density  and  potential.  Additionally,  some  methods  remove 
core  states  from  the  problem  by  employing  pseudopotentials 
constructed  to  reproduce  the  chemical  environment  sensitive 
valence  bands  and  energy. 

The  calculations  discussed  in  this  paper  were  performed 
within  the  LDA  using  an  extended  general  potential  LAPW 
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method  [1].  This  is  an  all  electron  method  employing  general 
expansions  of  the  charge  density  and  potential  in  all  regions 
and  a  flexible  basis.  It  is  generally  regarded  as  state-of-the-art 
for  LDA  calculations  on  complex  transition  metal  compounds. 
Since  Ref.  1  gives  a  general  review  of  the  method,  only 
details  specific  to  the  present  calculations  are  provided  here. 

Electronic  Properties  of  IrSb3,  CoSb3  and  CoAs3 

The  skutterudite  pnictides,  MA3,  where  M  is  Co,  Rh  or  Ir 
have  been  under  investigation  as  a  possible  basis  for  new  TE 
materials  [5-7].  The  binary  skutterudites,  which  tend  to  form 
p-type,  show  very  high  mobilities,  jx>  coupled  with  reasonable 
Seebeck  coefficients,  S,  in  as  synthesized  form.  Although  the 
thermal  conductivities,  k,  are  not  as  low  as  would  be  desired 
for  a  good  TE  material,  estimates  of  the  minimum  thermal 
conductivity  [5]  imply  that  considerable  reduction  in  the  lattice 
thermal  conductivity,  is  possible  if  suitable  modifications 
can  be  found,  and  in  fact  measurements  for  Ce  filled 
skutterudites  do  show  strongly  reduced  k  [8]. 

The  skutterudites  occur  in  a  bcc  Im3  structure  with  four 
formula  units  per  cell.  The  structure  is  derived  from  an 
expanded  simple  cubic  transition  metal  sublattice,  with  body 
center  positions  alternately  filled  with  x-,  y-  and  z-  oriented 
A4  rings  or  (one  in  four)  empty.  Besides  the  lattice  parameter, 
there  are  two  structural  parameters,  conventionally  denoted  u 
and  v,  which  give  the  positions  of  the  A  atoms. 

The  binary  skutterudites  are  conventionally  regarded  as  doped 
semiconductors  with  moderate  gaps,  such  as  the  1.4  eV 
measured  spectroscopically  in  IrSb3  [5],  although  Ackermann 
and  Wold  reported  that  they  did  not  find  a  convincingly  clean 
optical  gap  in  CoSb3  [9].  As  will  be  discussed  below,  our 
calculations  also  do  not  show  clean  gaps  in  these  materials, 
although  with  an  interesting  twist  for  the  case  A  =  Sb,  and  this 
view  is  also  supported  by  some  more  recent  measurements 
[6,7]. 

As  mentioned  our  calculations  were  performed  using  the 
general  potential  LAPW  method.  Experimental  crystal 
structures  were  used  [10,11].  Spin-orbit  interactions  were 
included  for  IrSb3,  where  they  were  found  to  have  only  minor 
effects  on  the  energy  bands.  The  calculations  employed  the 
Hedin-Lundqvist  parameterization  of  the  exchange  correlation 
functional  along  with  well  converged  basis  sets. 

The  calculated  band  structures  of  IrSb3  and  CoAs3  are  shown 
in  Figs.  1  and  2  respectively.  The  electronic  density  of  states 
(DOS)  for  IrSb3  is  shown  in  Fig.  3.  The  DOS  of  the  Co  based 
materials  are  qualitatively  the  same. 

In  all  three  materials  there  is  a  well-defined  gap  separating 
manifolds  of  valence  and  conduction  bands,  and  this  is  evident 
in  the  DOS,  which  approximates  what  will  be  seen  in  spectro¬ 
scopic  experiments.  Both  manifolds  are  derived  from 
hybridized  combinations  of  transition  metal  d  and  pnictogen 
p  states.  Neglecting  the  (important)  gap  crossing  state, 
discussed  below,  all  the  materials  show  an  indirect  gap  from 
T  to  P.  The  LDA  values  of  these  pseudogaps  are  0.71,  0.57 
and  0.73  eV  for  IrSb3,  CoSb3  and  CoAs3,  respectively.  The 
direct  gaps  at  T  are  larger,  e.g.  1.21  eV  for  IrSb3,  which 


corresponds  reasonably  with  an  optical  value  of  1.4  eV  [5]. 
However,  electrical  transport  properties  are  determined  by  the 
band  structure  near  the  Fermi  energy  (EF);  here  differences 
from  the  assumed  picture  of  these  materials  are  seen. 


-,5Ul2a - 1 - 1 - 1 - —1 

r  h  n  r  p 

Fit*.  1  Band  structure  of  IrSb3.  The  dashed  line  denotes  EF. 


What  is  unexpected  is  the  existence  of  a  gap  crossing  band,  in 
addition  to  the  valence  and  conduction  manifolds.  This  is 
present  in  all  three  materials,  and  disperses  upwards  from  the 
valence  manifold,  touching  or  nearly  touching  (dependent  on 
the  material)  the  conduction  band  manifold  at  the  T  point. 
Like  the  other  bands,  this  state  has  hybridized  transition  metal 
d,  pnictogen  p  character. 


Fig.  2  Band  structure  of  CoAs3. 


CoSb3  is  predicted  to  have  a  very  small  gap  of  only  50  meV, 
while  CoAs3  is  predicted  to  be  a  true  zero  gap  semiconductor. 
IrSb3  is  borderline  in  the  sense  that  when  the  older  handbook 
crystal  structure  [10]  is  used  zero  gap  behavior  is  predicted, 
while  with  the  probably  more  accurate  internal  parameters  of 
Kjekshus  and  Rakke  [11]  a  small  100  meV  gap  occurs.  These 
differences  are  due  to  different  orderings  of  the  bands  at  the 
bottom  of  the  conduction  manifold  resulting  from  the  0.05  A 
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differences  in  Sb  position. 

The  discovery  of  CoAs3  as  a  new  gapless  semiconductor  is 
notable  because  of  the  apparent  stability  of  the  skutterudites 
allowing  the  growth  of  high  quality  samples.  In  particular, 
there  are  strong  theoretical  indications  that  novel  electronic 
states  will  develop  at  low  temperatures  in  clean  zero  gap 
semiconductors  [12-14],  but  these  have  not  been  realized 
experimentally  because  of  difficulties  in  making  sufficiently 
clean  crystals  of  known  materials  like  Hg  chalcogenides  and 
grey  tin. 


E(Ry) 


Fig.  3  Electronic  DOS  and  projections  for  IrSb3.  The 
projections  are  on  a  per  atom  basis,  while  the  DOS  is  per 
formula  unit. 

The  fact  that  the  gap  crossing  states  in  skutterudites  had  not 
been  clearly  seen  experimentally  is  related  to  the  complexity 
of  these  materials,  and  illustrates  the  importance  of  first 
principles  studies.  In  particular,  the  band  is  difficult  to  see 
because  of  its  strong  dispersion  and  the  large  number  of  bands 
in  the  valence  and  conduction  manifolds,  both  of  which  make 
it  a  relatively  weak  contributor  to  the  DOS. 

The  dispersion  of  the  gap  crossing  band  is  remarkable. 
Although  a  normal  parabolic  shape  is  evident  in  CoAs3  the 
dispersion  is  linear  practically  to  the  maximum  in  IrSb3  and 
CoSb3.  The  parabolic  region  near  T  amounts  to  roughly  10  s 
of  the  zone,  corresponding  to  hole  doping  levels  of  ~3xl016 
cm'3.  This  is  nearly  three  orders  of  magnitude  below  the 
doping  levels  normally  found  in  TE  materials  and  is  below  the 


doping  levels  of  reported  p-type  samples,  and  accordingly 
transport  measurements  on  p-type  material  are  determined  by 
this  linear  behavior.  The  slopes  of  the  linear  dispersing  bands 
are  a  =  -3.45  eV  A  and  -3.10  eV  A  in  IrSb3  and  CoSb3, 
respectively. 

As  mentioned,  reported  p-type  doping  levels  are  within  this 
linear  dispersing  regime,  where  transport  properties  are 
expected  to  deviate  from  standard  semiconductor  behavior. 
Here  the  DOS  has  a  quadratic  rather  than  square  root 
dependence  on  EF  relative  to  the  band  edge,  while  the  number 
of  carriers,  n,  varies  as  EF3  rather  than  EF3/2  in  the  degenerate 
case.  The  inverse  effective  mass  tensor  VjVjC(k),  which  is 
normally  diagonal  and  constant  near  a  band  edge  is  entirely 
off  diagonal.  The  transport  mass  normal  to  the  Fermi  surface 
is  then  formally  infinite  and  the  cyclotron  mass  is  n  dependent 
and  given  by  k/a.  Here  k  is  the  magnitude  of  the  Fermi 
wavevector.  The  carrier  density  has  the  same  dependence  on 
k  as  in  the  standard  parabolic  case  and  the  standard  Hall 
determination  of  this  quantity  holds.  In  the  constant  scattering 
time  approximation,  the  mobility  is  predicted  to  vary  as  n*1/3 
and  the  Seebeck  coefficient  is  given  by 


2nksT  n 
3ea  3  n 


i 

3 


(3) 


As  in  the  ordinary  parabolic  case,  there  is  a  linear  T 
dependence  and  the  scattering  time  does  not  enter  the 
expression.  However,  the  doping  dependence  is  different. 

With  the  doping  level  determined  by  Slack  and  Tsoukala  [5] 
for  their  sample,  n  —  l.lxlO19  cm'3  and  the  calculated  value 
of  a  for  IrSb3,  we  obtain  S  =  62  juV/K  at  300K  and  123 
jiV/K  at  600K,  in  good  agreement  with  the  measured  values 
of  72  iaV/K  and  126  ^V/K.  More  recently,  the  doping  level 
dependence  of  S  has  been  measured  for  a  series  of  p-type 
CoSb3  samples  [6]  in  apparent  agreement  with  the  predictions 
of  Eqn.  3. 

These  band  structures  have  certain  implications  for  TE 
applications.  First  of  all,  in  p-type  antimonides,  the  doping 
dependence  of  the  power  factor,  aS2  will  be  weak,  and  this 
combined  with  the  relatively  high  measured  k  means  that 
modifications  beyond  optimizing  n  will  be  needed  to  make 
these  competitive.  Secondly,  reasonably  high  values  of  the 
effective  mass  (~  0.5  mc)  are  predicted  for  n-type  material. 
If  the  electron  mobilities  are  comparable  to  the  effective 
mobilities  for  p-type  material,  the  TE  performance 
comparable  to  the  best  present  materials  (i.e.  ZT  —  1)  is 
possible  with  n-type  doping. 

Lattice  Dynamics  of  CoSb3 

One  of  the  key  issues  in  TE  research  is  understanding  the 
thermal  conductivity  and  devising  strategies  for  its  reduction. 
Measurements  on  binary  skutterudites  have  shown  thermal 
conductivities  as  much  as  50  times  higher  than  the  estimated 
minimum  for  this  structure  [5j.  In  this  section,  use  of  first 
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principles  calculations  to  understand  the  lattice  dynamics  of 
skutterudites  is  illustrated  by  application  to  CoSb3  [15].  This 
is  a  prerequisite  to  understanding  the  thermal  conductivity. 
Despite  the  fact  the  CoSb3  is  probably  the  best  studied 
material  as  regards  lattice  dynamics,  published  information 
remains  scant. 

Infrared  (IR)  measurements  have  provided  information  on 
seven  of  the  19  distinct  T  point  frequencies.  Very  recently, 
Nolas  and  co-workers  [17]  have  measured  some  Raman 
frequencies  in  several  skutterudites.  Here  we  report  LDA 
frozen  phonon  calculations  of  frequencies  and  eigenvectors  for 
Ag  and  Au  T  point  modes.  Certain  cubic  anharmonic 
parameters  were  also  determined  along  with  the  bulk  modulus 
and  its  pressure  derivative.  These  were  obtained  by  the  usual 
approach  of  calculating  total  energies  as  a  function  of  the 
atomic  displacements  compatible  with  the  above  symmetries. 
The  experimentally  determined  IR  frequencies  and  the  new 
LDA  "data"  were  then  combined  to  fit  force-constant  models. 
These  were  used  in  turn  to  calculate  complete  phonon 
dispersions  for  CoSb3. 

The  electronic  structure  of  CoSb3  is  strongly  covalent.  This 
view  is  supported  by  the  short  interatomic  distances  and  the 
existence  of  high  hole  mobilities.  This  leads  to  certain 
expectations  regarding  the  lattice  dynamics.  Strong  two  body 
interactions  between  nearest  neighbor  Co  and  Sb  atoms  and 
between  neighboring  Sb  atoms  in  the  rings  are  anticipated. 
Additionally,  three  body  interactions  may  be  expected 
associated  with  the  covalent  bonds.  LO-TO  splittings  and  Bom 
effective  charges  may  also  be  enhanced  due  to  the  covalency, 
and  as  such  the  Bom  effective  charges  should  not  be  viewed 
as  similar  to  ionic  charges. 

The  lattice  parameter,  and  bulk  modulus  and  its  pressure 
derivative  were  determined  by  computing  the  total  energy  as 
a  function  of  volume  and  fitting  to  the  Birch  equation  of  state. 
The  internal  parameters,  u  and  v,  were  fixed  at  their  zero 
pressure  values  of  0.33537  and  0.15788,  respectively. 
Accordingly,  the  value  obtained  is  a  constrained,  rather  than 
physical  bulk  modulus.  This  value  is  an  upper  bound  on  the 
physical  modulus,  which  is  then  calculated  from  the  force 
constant  model,  discussed  below. 

Our  LDA  calculations  yield  a  lattice  parameter  of  8.937  A  or 
1.1  %  below  the  measured  value  at  room  temperature.  Lattice 
parameters  smaller  than  experiment  by  1-2%  are  typical  in 
LDA  calculations.  The  constrained  bulk  modulus  is  105  GPa 
with  a  pressure  derivative  of  4.3. 

The  Ag  symmetry  modes  are  associated  with  changes  in  u  and 
v  retaining  full  crystal  symmetry.  Calculations  of  the  total 
energy  were  performed  for  13  values  of  (u,v)  within  0.005  of 
the  experimental  values.  A  fit  retaining  all  terms  up  to  third 
order  yielded  a  standard  deviation  of  0.02  mRy.  The 
calculated  minimum  energy  values  of  u  and  v  were  0.333  and 
0.160.  The  Ag  Raman  frequencies  were  obtained  as  150  cm*1 
and  178  cm'1,  with  polarization  vectors  nearly  parallel  to  the 
edges  of  the  Sb4  rings;  the  lower  (higher)  frequency  mode 
modulates  the  longer  (shorter)  sides  of  the  ring. 

There  are  two  independent  Au  modes.  This  symmetry  destroys 


inversion,  and  as  such  the  energy  must  be  an  even  function  of 
such  coordinates.  In  particular  there  cannot  be  cubic  terms  in 
the  energy  as  a  function  of  these  coordinates  alone.  We 
performed  calculations  for  4  sets  of  displacements  consistent 
with  Au  symmetry  and  used  a  quadratic  least  squares  fit.  \ 
frequencies  of  110  cm*1  and  241  cm*1  resulted. 

TABLE  I.  Zone  center  phonon  frequencies  (cm*1)  for  CoSb3. 
The  experimental  data  is  from  Ref.  16.  Elastic  constants  are 
in  GPa.  The  bulk  modulus  is  the  LDA  value  less  relaxation 
from  the  force  constant  model. 


Mode 

LK 

Present 

Expt. 

LDA 

A, 

162 

149 

150 

183 

177 

178 

A„ 

69 

109 

110 

250 

242 

241 

Fu 

79 

78 

78 

119 

120 

120 

143 

145 

144 

174 

176 

174 

242 

242 

247 

258 

260 

257 

277 

275 

275 

e£ 

140 

141 

194 

181 

F* 

71 

84 

103 

96 

162 

158 

188 

176 

Eu 

95 

139 

275 

262 

c44 

22 

44 

c’ 

81 

74 

B 

105 

102 

As  mentioned,  Lutz  and  Kliche  (LK)  measured  IR  frequencies 
for  CoSb3.  They  also  present  an  analysis  of  these  frequencies 
in  terms  of  a  central  force  model.  Their  model  yields  quite 
good  agreement  with  three  of  the  four  LDA  frequencies  and 
the  bulk  modulus  that  we  calculate,  even  though  data  on  these 
phonons  was  not  available  when  the  model  was  constructed. 
The  model  fails  for  the  lowest  Au  mode,  for  which  it  yields  69 
cm*1.  This  mode  involves  a  twisting  motion  of  the  Sb4  rings 
along  with  concerted  motion  of  Co  and  Sb  atoms  to  minimize 
bond  length  changes.  The  bond  stretching  forces  are  relatively 
unimportant  for  this  mode,  and  instead  bond-angle  forces 
related  to  covalency  and/or  long  range  forces  will  dominate. 
The  LK  model  does  not  include  bond  angle  forces. 

We  attempted  to  refit  the  LK  model  using  the  IR  frequencies 
and  our  LDA  results,  but  reasonable  fits  could  not  be 
obtained.  Accordingly,  we  constructed  a  new  model  (actually 
we  tested  four  similar  models,  which  yielded  insignificantly 
different  results)  and  fit  this  to  the  data.  The  main  difference 
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from  the  LK  model  was  the  inclusion  of  bond  angle  forces 
associated  with  the  two  distinct  Sb-Sb-Co  angles  and  an 
additional  Co-Sb  stretching  parameter  operating  between  the 
neighbors  near  4.4  A  apart.  This  stretching  constant  was  not 
included  in  the  LK  model  even  though  it  did  include  Co-Co 
forces,  which  act  over  a  longer  distance.  We  did  not  include 
Sb-Sb  interactions  across  the  Sb4  ring  diagonal,  since  these  are 
probably  not  large  in  view  of  the  nature  of  the  Ag 
eigenvectors.  Phonon  frequencies  and  elastic  properties  as 
obtained  from  our  model  are  given  in  Table  1  along  with 
those  of  LK  and  the  LDA  and  experimental  data.  Besides  the 
lower  phonon,  discussed  above,  the  largest  discrepancy  is 
for  the  low  frequency  Eu  mode  and  the  c^  elastic  constant. 

The  phonon  DOS,  G  is  presented  in  Fig.  4.  Notable  features 
are  a  gap  around  100  cm'1,  which  is  not  present  in  the  LK 
spectrum,  and  a  rather  sudden  departure  from  parabolic 
behavior  at  —70  cm'1.  This  departure  arises  from  optic 
branches  in  this  frequency  range.  These  are  modes  involving, 
for  the  most  part,  rigid  motions  of  the  Sb4  rings.  Sb-Sb  bond 
bending  and  bond  stretching  behaviors  are  prominent  around 
110  cm'1  and  150-175  cm1,  respectively,  while  modes  with 
large  Co  motions  occur  around  250  cm1. 


i/( cm  ’) 


Fig.  4  Phonon  DOS  for  CoSb3.  The  normalization  is  48 
corresponding  to  the  number  of  modes  per  16  atom  cell. 

In  order  to  start  addressing  the  question  of  thermal 
conductivity,  we  have  plotted  a  histogram  of  <  v:>  G,  where 
v  is  the  group  velocity,  in  Fig.  5.  This  function  can  give  a 
qualitative  understanding  of  which  modes  might  contribute  to 
the  lattice  thermal  conductivity,  as  related  quantities  enter  a 
relaxation  time  approximation  to  the  Boltzmann-Peierls  theory 
of  thermal  conductivity.  In  CoSb3,  <v2>G  is  seen  to  be 


appreciable  for  certain  optic  modes  as  well  as  acoustic  modes, 
although  it  should  be  noted  that  this  is  less  so  in  our  model 
than  in  the  phonon  dispersion  of  the  LK  model.  Based  on 
these  results,  the  modes  that  are  important  in  thermal 
conduction  are  the  acoustic  modes  and  those  optic  modes 
involving  more  or  less  rigid  motions  of  the  Sb4  rings. 


i/(cm  ’) 

Fig.  5  <  v2G  >  for  CoSb3  as  determined  from  the  force 
constant  model. 

Ce-filled  Skutterudites 

Morelli  and  Meisner  [8]  have  recently  reported  transport 
measurements  of  CeFe4Sbl2  showing  a  strongly  reduced 
thermal  conductivity  relative  to  unfilled  skutterudites.  They 
measured  a  Seebeck  coefficient  of  S  —  70  /xV/K  at  300K  on 
their  unoptimized  p-type  sample,  with  S  still  rising  linearly 
with  T. 

Here  we  report  studies  of  the  electronic  structure  of  this 
material  and  CeFe4P[2  using  LDA  calculations.  Two  distinct 
views  of  the  electronic  structure  have  been  suggested.  First, 
it  has  been  suggested  that  Ce  is  tetravalent  in  these  compounds 
leading  to  a  close  correspondence  in  electronic  structure  with 
the  unfilled  skutterudites  CoSb3  and  CoP3.  On  the  other  hand, 
Meisner  er  ai  [  1 8 j  noting  the  relationship  with  U  and  Th 
filled  skutterudites,  argued  that  Ce  is  probably  trivalent  and 
semiconductivity  in  CeFe4Asj2  and  CeFe4P,2  is  due  to 
hybridization  between  valence  states  and  Ce  4f  states.  This 
view  is  also  supported  by  recent  electron  spin  resonance  [19] 
and  transport  measurements  [8]. 

The  electronic  structures  were  calculated  at  the  experimental 
lattice  parameters  of  7.792  A  and  9.135  A  for  CeFe4P12  and 
CeFe4Sb,2,  respectively.  Experimental  values  of  u  and  v  were 
used  for  CeFe4P12  (u-0.3522,  v  =  0.1501),  while  in  the 


88 


15th  International  Conference  on  Thermoelectrics  (1996) 


absence  of  experimental  data,  we  calculated  u  and  v  for 
CeFe4Sb12  from  the  LDA  total  energy  variation.  In  this  way 
we  obtain  u  =  0.333  and  v  =  0. 163  with  A&  Raman  frequencies 
of  137  cm'1  and  157  cm*1. 


The  band  structures  are  shown  in  Figs.  6  and  7.  From  these 
it  is  immediately  apparent  that  both  materials  are  predicted  to 
be  narrow  gap  semiconductors.  The  band  gaps  are  340  meV 
and  100  meV  for  CeFe4P,2  and  CeFe4Sbi2,  respectively.  The 
highest  valence  bands  have  hybridized  Fe  3d  pnictogen  p 
character,  while  the  lower  lying  ones  are  mostly  pnictogen 
derived.  This  is  qualitatively  the  same  as  in  CoSb3  and  CoAs:„ 
discussed  above.  The  lowest  lying  conduction  bands  are 
dominated  by  the  narrow  spin-orbit  split  Ce  4f  bands,  which 
at  first  sight  appear  to  be  in  a  gap  dug  out  of  the  other 
conduction  bands.  However,  an  analysis  of  the  DOS  (not 
shown)  shows  substantial  Ce  4f  contributions  to  the  valence 
bands. 
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Fig.  7  Band  structure  of  CeFe4Sb12. 

Although  the  band  structures  are  qualitatively  similar  there  are 
differences  near  the  nominal  EF.  In  the  phosphide,  there  are 
two  parabolic  bands  at  the  F  point  valence  band  maximum 
(VBM),  while  in  the  antimonide  the  highest  valence  band  is 
singly  degenerate  at  T.  The  corresponding  band  in  the 
phosphide,  based  on  its  symmetry  and  orbital  character,  is  the 


second  highest  valence  band.  These  singly  degenerate  bands 
are  of  primarily  Fe  3d  character  (  —  80%)  and  have  zero  Ce 
4f  character.  The  top  band  in  the  phosphide,  corresponds 
closely  to  the  fourth  highest  band  in  the  antimonide,  which  is 
situated  400  meV  below  the  VBM.  These  bands  have  strong 
Ce  4f  character  (  —  50%)  at  T,  and  are  derived  from  strongly 
hybridized  Ce  4f,  Fe  3d  and  pnictogen  p  states.  Although  the 
Ce  character  of  this  band  decreases  moving  away  from  the 
zone  center,  it  is  apparent  that  Ce  4f  states  are  important 
below  EP 

An  important  consequence  of  this  is  the  occurrence  of  high 
band  masses  even  in  the  valence  bands.  The  calculated 
valence  band  masses  are  0.8  and  2.2  m,  for  the  phosphide  and 
the  antimonide,  respectively.  This  is  significant  for  TE 
applications.  The  conduction  bands  have  even  higher  masses. 
Although  there  is  some  uncertainty  in  the  present  calculation, 
we  estimate  these  masses  at  10-20  n\  for  CeFe4Sb12  and  6-8 
n\  for  CeFe4Pl2. 

Valency  and  ionicity  in  f-band  materials  are  useful  but 
somewhat  ambiguous  quantities,  and  this  has  led  to  a  degree 
of  confusion  in  the  literature.  Here  we  discuss  valency  in  two 
ways:  (1)  in  terms  of  the  occupancy  of  the  4f  orbital,  so  that 
41°  is  tetravalent  and  4fl  is  trivalent;  and  (2)  in  terms  of  the 
ionicity  of  the  Ce  atom,  i.e,  the  amount  of  charge  that  is 
associated  with  the  Ce  atom  in  an  ionic  construction  of  the 
crystal  charge  density. 

Integrating  the  components  of  the  electronic  DOS, 
decomposed  into  angular  momentum  components  within  each 
LAPW  sphere,  we  obtain  1.0  f  electrons  in  CeFe4Pl2  and  1.2 
f  electrons  in  CeFe4Sbl2,  reflecting  the  f  character  contained 
in  the  valence  bands.  For  the  states  like  the  spatially  localized 
4f  orbitals,  this  procedure  is  quantitative.  Many  body 
correlation  effects  beyond  the  LDA  would  tend  to  favor 
integer  occupations,  although  the  strength  of  this  effect  cannot 
be  easily  estimated  from  the  present  calculations.  In  any  case, 
in  terms  of  f-occupancy  both  materials  are  clearly  trivalent. 

In  order  to  determine  the  ionic  charge  on  the  Ce  atom,  we 
compare  the  density  of  overlapping  ions  with  various  charges 
to  the  self-consistently  determined  charge  density  from  the 
LAPW  calculations.  The  ionic  densities  are  obtained  from 
atomic  calculations,  where  negative  ions  are  stabilized  with  a 
circumscribing  Watson  sphere.  In  our  tests  we  transfer  charge 
between  the  Ce  and  Fe  atoms,  to  find  the  best  fit.  This  was 
quantified  by  calculating  the  positions  of  the  4d  core  levels 
and  4f  bands  relative  to  those  obtained  with  the  true  LAPW 
charge  densities.  Some  additional  tests  were  performed  where 
charge  was  transferred  between  the  Fe  and  pnictogen  atoms, 
but  this  did  not  affect  the  results  as  regards  the  Ce  ionicity. 
The  fit  showed  that  a  Ce  4f‘  configuration  was  needed  to 
obtain  a  reasonable  f  band  position,  and  best  results  were 
obtained  with  an  additional  0.5- 1.0  valence  (Ce  5d)  electrons 
indicating  a  substantial  covalency  of  the  Ce  bonding. 

Thus  we  conclude  that  Ce  is  trivalent  in  these  compounds  and 
that  the  Ce  4f  states  are  active  in  the  bonding  through 
hybridization  with  the  Fe  3d  and  pnictogen  p  derived  bands. 
In  fact,  this  hybridization  is  crucial  for  the  formation  of  the 
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band  gaps  around  the  Fermi  level,  which  we  find  in  both 
compounds.  It  is  known  that  the  LDA  has  certain  deficiencies 
in  describing  4f  orbitals,  and  in  particular  underestimates 
intra-atomic  correlation  effects  and  as  a  result  overestimates 
the  degree  of  hybridization.  Based  on  this  one  may  expect  that 
our  calculated  band  gaps  are  higher  than  the  actual  gaps.  This 
may  account  for  the  conclusion  of  experimental  studies  that 
CeFe4Sb12  is  metallic,  although  the  observation  of  high 
Seebeck  coefficients,  and  the  fact  that  apparently  only  fairly 
heavily  doped  p-type  material  has  been  studied,  suggest  that 
clean  samples  should  be  looked  at  in  order  to  establish  where 
there  is  in  fact  a  small  band  gap. 

The  combination  of  very  small  gaps  and  large  effective  masses 
is  unusual.  This  combination  and  the  observed  low  values  of 
k  are  favorable  for  TE.  These  compounds  deserve  detailed 
experimental  investigation  in  this  context,  particularly 
CeFe4Sb12  and  CeFe4As12  (intermediate  between  the  phosphide 
and  antimonide)  and  as  a  function  of  p-  and  n-type  doping 
level. 
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Abstract 

New  thermoelectric  materials  with  superior  transport 
properties  at  high  temperatures  have  been  discovered.  These 
materials  are  part  of  the  large  family  of  skutterudites,  a  class 
of  compounds  which  have  shown  a  good  potential  for 
thermoelectric  applications  [1-4].  The  composition  of  these 
novel  materials,  called  filled  skutterudites,  is  derived  from 
the  skutterudite  crystal  structure  and  can  be  represented  by 
the  formula  LnT4Pn12  (Ln  =  rare  earth,  Th;  T  =  Fe,  Ru,  Os, 
Co,  Rh,  Ir;  Pn  =  P,  As,  Sb).  In  these  compounds,  the  empty 
octants  of  the  skutterudite  structure  which  are  formed  in  the 
TPn3  (~  T4Pn12)  framework  are  filled  with  a  rare  earth 
element  [5,6],  Some  of  these  compositions,  based  on 
CeFe4Sb12,  have  been  prepared  by  a  combination  of  melting 
and  powder  metallurgy  techniques  and  have  shown 
exceptional  thermoelectric  properties  in  the  350-700°C 
temperature  range.  At  room  temperature,  CeFe4Sb12  behaves 
as  a  p-type  semimetal,  but  with  a  low  thermal  conductivity 
and  surprisingly  large  Seebeck  coefficient.  These  results  are 
consistent  with  some  recent  band  structure  calculations  on 
these  compounds  [7].  Replacing  Fe  with  Co  in  CeFe4Sb12 
and  increasing  the  Co:Fe  atomic  ratio  resulted  in  an  increase 
in  the  Seebeck  coefficient  values.  The  possibility  of 
obtaining  n-type  conductivity  filled  skutterudites  for  Co:Fe 
values  higher  than  1:3  is  currently  being  investigated. 
Measurements  on  bulk  samples  with  a  CeFe35Co(X5Sb12 
atomic  composition  and  p-type  conductivity  resulted  in 
dimensionless  figure  of  merit  ZT  values  of  1.4  at  600°C. 

Introduction 

A  systematic  search  for  advanced  thermoelectric  materials 
was  initiated  at  JPL  several  years  ago  and  resulted  in  the 
discovery  of  a  new  family  of  promising  semiconducting 
materials  with  the  skutterudite  crystal  structure  [1].  The 
skutterudite  structure  was  originally  attributed  to  a  mineral 
from  Skutterud  (Norway)  with  a  general  formula  (Fe,  Co,  Ni) 
As3  [8].  The  unit  cell  of  the  skutterudite  structure  (cubic, 
space  group  Im3,  prototype  CoAs3)  contains  square  radicals 
[As4]  4 .  This  anion  located  in  the  center  of  the  smaller  cube 
is  surrounded  by  8  Co3+  cations.  The  unit  cell  was  found  to 
consist  of  8  smaller  cubes  (octants)  described  above  but  two 
of  them  do  not  have  the  anions  [As4]  ^  in  the  center.  This  is 
necessary  to  keep  the  ratio  Co3+:[As4]  4  =  4:3.  Thus,  a 
typical  coordination  structure  results  with  Co8[As4]6 
=2Co4[As4]3  composition  and  32  atoms  per  cell 


A  low  lattice  thermal  conductivity  and  a  high  carrier 
mobility  are  desirable  for  improved  figures  of  merit  in  new 
thermoelectric  materials.  High  carrier  mobility  values  are 
usually  found  in  crystal  structures  with  a  high  degree  of 
covalency.  It  has  been  shown  that  the  bonding  is 
predominantly  covalent  in  the  skutterudite  structure  [9]  and 
high  hole  mobility  values  have  been  measured  recently  on 
several  skutterudite  compounds:  IrSb3  [10],  RhSb3  [11], 
CoSb3  [12]  and  RhP3  [13].  Hie  unit  cell  is  relatively  large 
and  contains  32  atoms  which  indicate  that  low  lattice  thermal 
conductivity  might  be  possible.  For  slate-of-the-art 
thermoelectric  materials  such  as  PbTe  and  Bi2Te3  alloys,  the 
number  of  isostructural  compounds  is  limited  and  the 
possibilities  to  optimize  their  properties  for  maximum 
performance  at  different  temperatures  of  operation  arc  also 
very  limited.  This  is  not  the  case  for  the  skutterudite  family 
of  materials,  where  eleven  binary  compounds  and  several 
solid  solutions  and  related  phases  are  known  to  exist  [1]. 
These  materials  cover  a  large  range  of  decomposition 
temperatures  and  bandgaps  which  offers  the  possibility  to 
adjust  composition  and  doping  level  for  a  specific 
temperature  range  of  application. 

However,  the  room  temperature  thermal  conductivity  of 
binary  skutterudites  (100-150  mWcm^K"1)  was  found  to  be 
too  high  to  result  in  high  ZT  values.  Substantial  reductions 
in  the  lattice  thermal  conductivity  must  be  obtained  to 
achieve  values  comparable  to  those  of  state  of  the  art 
thermoelectric  materials  (10-40  mWcm4K4).  One  approach 
to  the  reduction  of  the  lattice  thermal  conductivity  of 
skutterudites  is  to  prepare  and  characterize  filled  skutterudite 
compositions  derived  from  the  binary  compounds.  This 
requires  filling  the  two  empty  octants  present  in  the  32  atom 
unit  cell  and  conserving  the  valence  electron  count  to  retain 
good  semiconducting  properties. 

Low  Thermal  Conductivity  in  Filled  Skutterudites 

A  large  number  of  materials  with  a  filled  skutterudite  crystal 
structure  has  already  been  synthesized  (see  for  example  [14- 
18]).  The  composition  of  these  types  of  compounds  can  be 
represented  by  the  formula  LnT4Pn12  (Ln  =  La,  Ce,  Pr,  Nd, 
Sm,  Eu,  Gd,  Th  and  U;  T  =  Fe,  Ru,  Os;  Pn  =  P,  As,  Sb).  In 
these  compounds,  the  empty  octants  of  the  skutterudite 
structure  (  see  Figure  1)  which  are  formed  in  the  TPn3  (~ 
T4PnI2)  framework  are  filled  with  a  rare  earth  element. 
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Because  the  T4Pn12  groups  using  Fe,  Ru  or  Os  are  electron- 
deficient  (by  4  e)  relative  to  the  skutterudite  electronic 
structure  (using  Co,  Rh  or  Ir),  the  introduction  of  the  rare 
earth  atom  compensates  this  deficiency  by  adding  free 
electrons.  However,  the  number  of  valence  electrons  given 
up  by  the  rare  earth  atoms  is  generally  insufficient:  for 
example,  La  has  a  3+  oxidation  state,  Ce  can  be  3+  or  4+. 
Tins  means  that  most  of  these  compounds  behave  as  metals, 
or  very  heavily  doped  p-type  semimetals. 


Figure  1:  Schematic  of  the  filled  skutterudite  34  atom  unit 
cell  of  the  novel  thermoelectric  materials.  Each  cell  contains 
8  transition  metal  atoms:  Fe,  Ru,  Os,  Co,  Rh,  Ir,  Ni,  Pd  or  Pt; 
24  pnicogen  atoms:  P,  As,  Sb  (substitution  by  S,  Se  or  Te 
possible);  2  rare-earth  atoms  filling  the  vacant  octants  in  the 
skutterudite  structure:  La,  Ce,  Pr,  Nd,  Sm,  Eu,  Gd,  Th  and  U. 

However,  the  introduction  of  a  filling  atom  into  the 
skutterudite  structure  is  expected  to  substantially  reduce  the 
lattice  thermal  conductivity  of  the  original  binary  compound 
with  minimal  decrease  in  carrier  mobility.  The  heavy  filling 
atom  would  “rattle”  within  its  octant  “cage”  and  thus  scatter 
phonons  quite  effectively.  Also  because  it  is  filling  an 
empty  octant,  its  contribution  to  the  electrical  transport 
would  be  minimal,  though  the  increased  phonon  scattering 
rate  should  somewhat  impact  the  carrier  scattering  rate 
(carrier-phonon  interaction).  Recent  experimental  results  on 
filled  skutterudite  samples  have  confirmed  that  the  thermal 
conductivity  values  are  much  lower  in  these  materials  than  in 
CoSb3  or  IrSb3,  even  taking  into  account  the  high  porosity  of 
the  samples  [5,6]. 

To  conserve  the  excellent  semiconducting  behavior  of  the 
unfilled  binary  skutterudites,  it  is  necessary  to  introduce  a 
“compensating”  atom  for  the  addition  of  the  “filling”  atom 
into  the  structure.  The  ratio  of  compensating  atoms  to  filling 
atoms  is  determined  exclusively  from  the  number  of  valence 


electrons  of  the  filling  atom.  Thus,  if  Ce  (the  most  stable 
valence  number  is  3)  is  introduced  into  Die  two  empty 
octants  of  the  32  atoms  CoSb3  unit  cell,  6  atoms  of  Fe  (each 
providing  one  acceptor  per  atom)  will  have  to  be  substituted 
for  Co:  CoSb3  (or  Co8Sb24)  will  become  Ce2Fe6Co2Sb24  (or 
CeFe3CoSb12).  This  composition  is  very  close  to  the 
compound  CeFe4Sb12  whose  existence  was  previously 
reported.  The  same  approach  can  be  applied  to  replacing  Sb 
by  Ge,  resulting  in  CeCo4Ge3Sb9  or  both  Co  and  Sb  by  Fe 
and  Te,  resulting  in  CeFe4SbnTe.  Moreover,  the  doping 
level  and  conductivity  type  might  be  controlled  by  changing 
the  compensating  to  filling  atomic  ratio.  It  is  important  to 
note  that  because  compensating  atoms  need  to  be  introduced 
in  quantity,  they  could  also  bring  a  substantial  increase  in 
phonon  scattering  (mass  and  volume  differences)  and  carrier 
scattering  (ionized  impurity,  disorder)  rates. 

Experimental  Results  and  Discussion 

The  filled  skutterudite  compositions  based  on  CeFe4Sb12 
were  prepared  by  a  combination  of  melting  and  powder 
metallurgy  techniques.  X-ray  diffraction  analysis  indicated 
that  the  samples  were  mostly  filled  skutterudites  with  the 
presence  of  some  FeSb2  and  CeSb2.  After  synthesis,  mass 
density  measurements  showed  that  the  geometrical  density  of 
the  cylindrical  pellets  (about  10  mm  long  and  6.4  mm  in 
diameter)  were  close  to  98%  of  the  theoretical  values 
calculated  from  the  experimentally  determined  lattice 
parameters  (see  Table  1).  The  electron  microprobe  analysis 
of  the  samples  confirmed  the  previous  X-ray  diffraction 
results,  indicating  the  presence  of  only  about  5%  in  volume 
of  FeSb2  and  CeSb2  in  the  CeFe4Sb12  ,CeFe3  5Co0.5Sb12  and 
CeFe3CoSb12  samples.  The  compositions  of  the  filled 
skutterudite  phase  in  these  samples  were  found  to  be  very 
close  to  the  nominal  atomic  concentrations. 

The  high  temperature  electrical  and  thermal  transport 
properties  of  the  filled  skutterudite  samples  were  measured 
from  25  up  to  650°C.  The  room  temperature  results  are 
reported  in  Table  1. 

Table  1:  Room  temperature  properties  of  Ce-based  filled 
skutterudite  samples  where  ao  is  the  lattice  parameter  (A),  cc 
is  the  carrier  concentration  (cm'3),  pH  is  the  Hall  mobility 
(cm2  mV1),  p  is  the  electrical  resistivity  (mQcm),  S  is  the 
Seebeck  coefficient  (pVK1)  and  X  is  the  thermal 
conductivity  (mWcm'V1). 


Composition 

cc 

Mn 

P 

S 

X 

CeFe4Sb12 

9.1460 

5.5  xlO21 

1.5 

0.75 

59 

14 

CeFe5.5Co0.5Sbj  2 

9.1349 

5.7  xlO21 

1.5 

0.71 

76 

22 

CeFe3CoSb12 

9.1145 

4.4  xlO21 

1.7 

0.84 

106 

19 

CeFe2Co2Sb12 

9.0909 

6.5  xlO20 

2.9 

3.89 

125 

28 

Co4Sb12 

9.0385 

4.4  xlO18 

1944 

0.74 

138 

118 
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Temperature  (°C) 

Figure  2:  High  temperature  variations  of  the  electrical  resistivity  of  Ce-filled  skutterudite  samples 


Temperature  (°C) 

Figure  3 :  High  temperature  variations  of  the  Seebeck  coefficient  of  Ce-filled  skutterudite  samples 


The  temperature  dependence  of  the  electrical  resistivity, 
Seebeck  coefficient  and  thermal  conductivity  are  reported  in 
Figures  2,  3  and  4,  respectively.  The  results  show  that  the 
Fe-rich  compositions  have  a  semi-metallic  behavior  (very 
high  carrier  concentration  of  about  5x1 02i  cm'3  and  low 
carrier  mobilities,)  with  a  low  electrical  resistivity,  which 


increases  slightly  with  temperature.  However,  the 
CeFe2Co2Sb12  sample  demonstrated  a  semiconducting 
behavior,  with  a  bandgap  value  of  0.45  eV  determined  from 
high  temperature  electrical  resistivity  measurements.  What 
is  most  suiprising  is  the  magnitude  of  the  Seebeck 
coefficients,  ranging  from  55  to  125  pVK1  at  25°C  and 
increasing  steadily  with  temperature.  Again,  the  intrinsic 
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regime  is  obtained  in  CeFe2Co2Sb12  for  temperatures  over 
350°C.  These  values  are  comparable  to  those  obtained  for 
other  p-type  binary  skutterudites  except  that  here  the  carrier 
concentration  is  two  to  three  orders  of  magnitude  higher. 
This  is  attributed  to  the  fact  that  these  materials  behave 


similarly  to  heavy  fermions  systems:  the  hybridization 
between  Ce  and  the  transition  metal  (Fe  or  Co  here)  creates  a 
small  bandgap  and  carriers  possess  large  effective  masses 
resulting  in  a  low  mobility  but  unusually  high  Seebeck 
coefficient  [5,7], 


Temperature  (°C) 

Figure  4:  High  temperature  variations  of  the  thermal  conductivity  of  Ce-filled  skutterudite  samples 


Temperature  (°C) 

Figure  5:  Dimensionless  figure  of  merit  ZT  as  a  function  of  temperature  for  Ce-filled  skutterudite  samples  with  different 
compositions. 
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The  thermal  conductivity  of  those  materials  is  much  lower 
than  for  CoSb3.  The  CeFe4Sb12  sample  has  a  low  thermal 
conductivity  of  about  14  mWcm^K'1  at  room  temperature 
and  increasing  up  to  20  mWcm]K 1  at  575°C.  Such  low 
values  indicate  that  nearly  all  of  the  thermal  conductivity  is 
from  an  electronic  contribution.  This  demonstrates  that  the 
combination  of  the  “rattling”  atom  and  very  high  carrier 
concentration  very  effectively  scatter  the  phonons,  and 
results  in  an  extremely  low  lattice  thermal  conductivity. 

The  CeFe3.5Co0.5Sb) 2  and  CeFe3CoSb12  samples  also  show 
low  thermal  conductivity  values  with  a  temperature 
dependence  identical  to  that  of  CeFe4Sb12.  It  is  quite 
interesting  to  note  that  both  the  room  temperature  Seebeck 
coefficient  and  thermal  conductivity  tend  to  increase  as  the 
amount  of  Co  is  increased  from  0  at.%  to  12  at.%.  This 
suggests  that  the  introduction  of  Co  alters  the  strength  of  the 
Ce-Fe  interactions.  However,  even  for  the  CeFe2Co2Sb12 
composition  (with  12  at.%  of  Co),  the  carrier  concentration 
is  still  very  high,  indicating  that  the  compensation  effects 
between  Fe  and  Co  might  be  neutralized  by  valence 
fluctuations.  As  discussed  above,  the  introduction  of  Ir,  or 
Te  instead  of  Co  might  lead  to  very  different  results. 

The  combination  of  the  low  electrical  resistivity,  moderate 
Seebeck  coefficient  and  low  thermal  conductivity  resulted  in 
high  ZT  values  at  temperatures  above  400°C.  A  maximum 
ZT  value  of  1.4  has  been  achieved  to  date  at  a  temperature 
of  600°C.  However,  it  appears  that  ZT  keeps  on  increasing 
with  temperature  for  those  filled  skutterudite  samples,  as 
expected  from  the  metallic  behavior  of  the  electrical 
properties.  This  means  that  if  those  materials  were 
determined  to  remain  stable  at  higher  temperatures,  even 
higher  ZT  would  be  obtained.  The  results,  displayed  on 
Figure  5,  are  higher  than  for  any  other  state  of  the  art 
materials  (p-type  or  n-type). 

High  ZT  values  in  lower  or  higher  temperature  ranges,  as 
well  as  n-type  conductivity  samples  might  be  obtained  by 
controlling  the  composition  and  doping  levels.  For  these 
materials  to  be  useful  at  lower  temperatures  for  cooling 
applications,  the  Seebeck  coefficient  must  be  increased, 
which  requires  a  lower  doping  level.  For  example,  this 
might  be  achieved  by  increasing  the  Co  to  Fe  atomic  ratio 
(CeFe4_xCoxSb12  with  l<x<4)  or  combining  Co  with  Te  or 
Se.  Replacing  Co  by  Ir  in  the  filled  skutterudites  would 
certainly  result  in  higher  decomposition  temperatures 
allowing  their  use  in  power  generation  applications  at 
temperatures  close  to  1000°C.  In  addition,  the  heavier  and 
larger  Ir  atom  will  introduce  additional  scattering  of  the 
phonons,  resulting  in  a  decrease  in  lattice  thermal 
conductivity. 
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Abstract 

We  present  some  results  on  physical  and  electrical 
properties  of  the  Skutterudites  CoSb3  and  mixed  alloys. 
Most  of  samples  measured  were  polycrystalline,  which  have 
been  prepared  by  hot-pressing  of  powders  under  107  Pa  at 
~650°C  and  ~750°C,  and  a  few  measurements  on  CoSb3 
single  crystals  were  performed.  We  report  some  results  of 
the  Hall  mobility,  Seebeck  coefficient  and  electrical  conduc¬ 
tivity  measurements  on  CoSb3  and  mixed  alloys.  Based  on 
the  experimental  results,  we  make  clear  important  factors 
which  have  influence  on  the  electronic  transport  properties,  in 
particular,  on  the  Hall  mobility  of  the  materials. 

1.  Introduction 

The  Skutterudites  MSb3  (  M:  Co,  Rh  and  Ir  )  with 
antimony  have  been  a  topic  of  a  new  promising  thermoelec¬ 
tric  material,  because  of  its  peculiar  band  structure  and  unusu¬ 
al  electronic  transport  properties.  The  crystal  structure  of  the 
Skutterudite  CoSb3  is  shown  in  Fig.l,  which  is  formed  by  a 
cubic-lattice  of  8-cobalt  atoms  and  by  4-planary  rings  of  Sb 
atoms,  and  cobalt  atoms  are  octahedrally  surrounded  by  six- 
antimony  atoms.  Figure  2  shows  a  band  scheme,  and  this  is 
based  on  a  model  for  transition  metal  chalcogenidies  proposed 
by  Ackermann  [1].  The  energy  band  gap  is  formed  by  the 
occupied  bonding  oa_m  band  and  the  antibonding  a*a_m  band. 
The  Sb4-rings  are  achieved  through  the  overlap  of  anion-5/?3 
orbitals  to  form  the  two  a  bands.  Recently,  it  has  been 
reported  by  David  et  al  [2]  that  the  Skutterudite  antimonides 
have  a  band  structure  of  a  pseudogap  around  the  Fermi  level 
and  the  band  gap  dispersion  remarkably  cross  over  to  linear 
behavior  extremely  close  to  the  band  edge,  and  that  the 
unusual  transport  properties  of  the  antimonides  are  deter¬ 
mined  by  the  linear  dispersion. 

The  research  of  the  Skutterudite  was  first  made  on 
CoSb3  by  Dudkin  in  1957  [3],  and  a  phase  diagram  of  the 
binary  system  Co-Sb  and  the  thermoelectric  properties  of  the 
semiconducting  CoSb3  with  Sn,  Te  and  Ni  impurities  were 
investigated  extensively  [4].  The  most  attractive  point  is  an 
extremely  large  hole  mobility  for  the  /?- type  Skutterudites. 
Morelli  et  al  [5]  have  shown  that  single  crystals  of  CoSb3 
exhibit  large  hole  mobilities  up  to  3000  cm2/Vs  at  room 
temperature.  In  recent  studies,  Caillat  et  al  [6]  demonstrated 
at  room  temperature  p- type  hole  mobility  of  about  3445 
cm2/Vs  for  single  crystals  CoSb3  at  a  carrier  concentration  of 
4xl017  cmr3,  which  were  grown  by  a  gradient-freeze  tech¬ 
nique.  In  addition,  Mandrus  et  al  [7]  measured  a  value  of 
1940  cm2/Vs  for  a  very  lightly  doped  ( 1/  qRH  =  7.0xl016 


Fig.l  Crystal  structure  for  CoSb3  (a)  and  a  proposed  energy 
band  model  (b). 

holes/cm3)  single  crystal  of  CoSb3,  which  was  grown  from  a 
Sb-rich  melt.  For  our  hot-pressed  CoSb3  samples,  however, 
the  hole  mobility  value  at  room  temperature  was  as  low  as  60 
to  80  cm2/Vs  up  to  now  [8,9].  In  short,  there  is  a  great  varia¬ 
tion  in  the  measured  values  of  the  hole  mobility  in  CoSb3  (p~~ 
type)  samples. 

The  purpose  of  this  study  ,  therefore,  is  to  find  important 
factors  which  have  a  great  influence  on  the  hole  mobility  of 
CoSb3  (/?- type).  Major  factors  which  have  a  considerable 
influence  on  the  hole  mobility  of  CoSb3  (p- type)  can  be 
considered  to  be  (1)  crystal  quality,  (2)  nonstoichiometry,  (3) 
impurities. 

2.  Experimental  procedure 

2.1  Sample  preparation 

The  starting  materials  used  are  cobalts  (Co),  which  have 
the  three  varieties  of  purity  of  (1)  99.87%,  (2)  99.92%  and  (3) 
99.998%,  and  antimony  (Sb)  is  "extra  pure"  of  6N.  Prime 
impurities  in  cobalt  are  nickel,  and  the  contents  are  450ppm 
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for  (1),  230ppm  for  (2),  and  undetectable  for  (3),  respectively. 

The  sample  preparation  was  made  by  annealing  stoichi¬ 
ometric  mixtures  of  cobalt  and  antimony  in  evacuated  quartz 
tubes  (  600°C,  2  days  ),  that  is,  a  solid  phase  reaction, 
followed  by  hot-pressing  under  600kg£/cm2  at  650°C  for  lhr 
(sample  C01)  and  at  750°C  for  3hr(sample  C03),  respectively. 
The  all  samples  were  polycrystalline  structures,  and  X-ray 
powder  diffraction  methods  were  used  to  verify  the  stoichi¬ 
ometry  after  hot-pressing.  The  quantitative  analyses  of  the 
starting  materials  and  the  hot-pressed  samples  were  made  by 
ICP  emission  spectroscopy  and  electron-probe  microanalysis 
(EPMA). 

2.2  Characterization 

Powder  X-ray  diffraction  pattern  of  samples  obtained  in 
this  way  showed  an  insensitive  peak  along  a  (310)  plane, 
which  is  characteristic  of  the  stoichiometric  CoSb3  with  the 
lattice  constant  a  =  9.016A.  The  density  of  samples  was 
determined  by  hydrostatic  weighing,  and  the  densities  were 
about  95%  of  the  theoretical  value  of  CoSb3  (  7.69g/cm3  ). 
The  microstructure  and  homogeneity  of  samples  were  studied 
by  the  observation  of  scaning  electron  microscope  (SEM)  on 
the  crystal  habit  of  the  sample  surface  after  polishing  using 
0.5  |mm  diamond  paste  up  to  mirror-like  surface  and  etching 
with  20%  HNo3. 

3.  Experimental  results 

Figure  3  shows  the  Hall  mobility  of  our  hot-pressed 
CoSb3  samples  as  a  function  of  temperature,  compared  with 
the  results  for  two  p- type  single  crystals:  one  was  grown  by  a 
normal  gradient  freezing  method  [6]  and  the  other  was  grown 
from  a  Sb-rich  melt  [7]. 

As  shown  in  this  figure,  a  room  temperature  hole  mobili¬ 
ty  of  2000  cm2/Vs  is  obtained  for  the  CoSb3  hot-pressed 
sample  (C03),  when  cobalt  of  nickel-free  was  used  as  a  raw 
material.  This  result  suggests  that  the  hole  mobility  values 
for  the  /?- type  CoSb3  samples  are  very  sensitive  to  impurity 
nickel  in  cobalt.  For  the  samples,  below  300K  the  hole 
mobility  increases  with  increasing  temperature,  and  the  mobil¬ 
ity  varies  as  T312.  The  temperature  dependence  is  similar  to 
the  result  of  Mandrus  et  al  [7],  which  is  explained  in  terms  of 
an  ionized  impurity  scattering  model. 

On  the  dominant  scattering  mechanism  for  the  p- type 
CoSb3,  there  is  no  denying  a  thermally  activated  hopping  due 
to  a  small  polaron  or  bipolaron.  In  general,  for  materials 
which  are  characterized  by  narrow  band  gap  in  the  vicinity  of 
the  Fermi  energy,  as  the  case  of  the  materials,  the  electron- 
phonon  coupling  should  be  considered  explicitly.  Electronic 
interactions  between  electrons  (  or  holes  )  and  an  adjacent 
atom  give  rise  to  a  localized  atomic  distortion.  Such 
distortions  of  this  type  can  move  with  electrons  in  the  crystal 
lattice,  and  this  is  called  "small  polaron".  When  the  distor¬ 
tions  are  sufficiently  large,  electrons  (  or  holes  )  will  be 
trapped  in  a  lattice  site  associated  with  the  atomic  distortions, 
that  is,  a  localized  potential  well. 

Schematic  view  of  the  small  polaron  is  illustrated  in 
Fig.3.  Free  carriers  will  conduct  only  by  means  of  thermally 
activated  hopping  at  ordinary  temperatures  [10].  A  small 
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Fig.2  Hall  mobilities  of  our  hot-pressed  CoSb3  samples  as  a 
function  of  temperature,  compared  with  two  single 
crystal  CoSb3  samples. 

polaron  consists  of  a  self-bound  charge  carrier  in  the  local¬ 
ized  potential  well,  and  two  carriers  bound  in  a  potential  well 
form  a  small  bipolaron.  In  both  cases,  increasing  temperature 
causes  atomic  distortions  on  sites  neighboring  the  polarons. 
Such  distortions  aid  the  mortion  of  the  charge  carrier,  and 
results  in  an  increase  of  the  mobility  with  increasing  temper¬ 
ature.  The  mobility  is  expressed  as  follows:  [11] 

=  (qa2v/kBT)  exp(-EJ  kBT), 

where  q  is  the  electron  charge,  a  is  the  mean  distance  for  the 
hopping  of  carriers,  v  is  a  characteristic  vibrational  frequency, 
kB  is  the  Boltzman  constant,  and  Ea  is  the  activation  energy  to 
produce  an  atomic  distortion  on  sites  neighboring  the  small 
polaron. 

The  exponential  factors  of  the  Hall  mobility  for  samples 
vary  inversely  with  temperature,  and  plots  of  the  logarithm  of 
( \iT )  versus  1  IT  were  linear  at  low  temperatures  up  to  300K. 
The  activation  energy  Ea  obtained  from  the  slope  of  the  plots 
was  fairly  small  (  0.016  to  0.042  eV  ).  The  value  of  the 
activation  energy  is  about  1/10  as  compared  with  those  for 
(3-FeSi2  (  0.3  to  0.4  eV  )  [12].  CoSb3  is  probably  of  a 
charge-transfer  type  [13],  for  which  the  transport  properties 
of  carriers  are  directly  related  to  the  electronegativity  of  anion 
atoms.  Therefore,  it  is  likely  that  the  atomic  distortion  can  be 
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Fig.  3  Schematic  view  of  a  small  polaron  model.  Increasing 
temperature  causes  atomic  distortions  on  sites  neighbor¬ 
ing  the  polaron,  and  such  distortions  aid  the  motion  of 
carriers.  Free  carriers  will  conduct  only  by  means  of 
thermally  activated  hopping. 


103/K/K) 

Fig.4  Electrical  conductivities  for  the  hot-pressed  CoSb3 
samples  as  a  function  of  temperature. 


produced  by  mainly  thermal  motion  of  the  constituent  atoms. 
This  is  substantially  different  from  the  transport  properties  for 
high-spin  Fe+3  or  Mn+2  compounds  as  the  case  of  |3-FeSi2. 
In  the  latter  case,  the  transport  properties  of  carriers  are 
strongly  suppressed  because  of  the  high  energies  of  the  d-d 
Coulomb  and  exchange  interactions,  resulting  in  low  carrier 
mobilities.  In  fact,  the  carrier  mobilities  (  electron  and  hole) 
of  |3-FeSi2  are  as  low  as  0.3  to  4.0  cm2/Vs  [14]. 

Figure  5  shows  the  electrical  conductivity  for  the  CoSb3 
samples  versus  inverse  temperature.  The  carrier  concentra- 
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(1)  HP-ed  at  650°C  for  Ihr. 

(2)  HP-ed  at  750°C  for  3hr. 
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Fig.5  Seebeck  coefficient  for  the  hot-pressed  CoSb3 
samples  as  a  function  of  temperature. 

tions  of  the  samples  (C01  and,  C03)  were  about  l/(qRH)  = 
1018/cm3,  which  is  lower  than  the  degenerate  concentration 
estimated  to  be  l020/cm3.  Therefore,  the  positive  tempera¬ 
ture  dependence  of  conductivity  o  for  the  samples  should  be 
considered  in  relation  to  a  quisi-band  gap  peculiar  to  the 
Skutterudite  structure.  It  is  also  possible  to  consider  that  the 
band  gap  is  formed  by  additional  doping  of  nickel  in  the 
crystal  lattice. 

Figure  6  shows  the  Seebeck  coefficient  S  for  the  samples 
as  a  function  of  temperature.  The  two  samples  (C01  and  C03) 
which  were  prepared  using  nickel-free  cobalt  and  antimony 
of  6N  are  of  /7-type.  The  values  of  .S'  are  about  200pV/K  at 
temperatures  ranging  from  430  to  600K  are  less  dependent  on 
temperature. 

On  the  other  hand,  for  the  other  samples  which  contain 
nickel  as  an  impurity,  the  Seebeck  coefficient  is  found  to  be 
highly  dependent  on  the  concentration  of  nickel  substituted  in 
the  crystal.  For  example,  the  samples  containing  450  ppm 
nickel  (  samples:  H2.1  and  H24  )  indicate  a  large  temperature 
dependence  of  the  Seebeck  coefficient.  For  the  sample  of 
the  stoichiometric  composition  (H2.1),  the  value  of  the  /7-type 
Seebeck  coefficient  decreases  as  compared  with  those  for  the 
nickel-free  samples  (C01  and  C03)  below  500K.  This 
suggests  that  the  nickel  as  an  impurity  acts  as  a  donor  and  the 
hole  concentration  in  the  /7-type  CoSb3  is  partially  compen¬ 
sated  in  the  crystal  lattice.  For  the  sample  of  missing  anti¬ 
mony  atoms  (H24),  which  has  a  composition  of  CoSb27,  the 
Seebeck  coefficient  varies  from  a -type  to  /7-type  at  about 
470K,  suggesting  that  the  excess  of  cobalt  atoms  causes  an 
anion  vacancy  as  a  donor.  On  the  contrary,  it  was  found  that 
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samples  with  excess  antimony  led  to  the  positive  thermoelec¬ 
tric  powers  (  ’’hole  conducting"  ),  which  were  fairly  lower 
than  those  of  the  stoichiometric  CoSb3. 

Conclusion 

Major  results  obtained  in  this  study  are  as  follows: 

(1)  A  great  variation  in  the  measured  values  in  hole 
mobility  in  CoSb3  (p-type)  can  be  attributed  in  impurities,  in 
particular,  nickel  in  cobalt  as  a  raw  material  is  highly  sensi¬ 
tive  to  the  hole  mobility  of  rhe  material.  By  using  nickel-free 
cobalt  as  a  raw  material,  a  room  temperature  hole  mobility  of 
2000  cm2/Vs  can  be  obtained  for  hot-pressed  porycrystals. 

(2)  Nickel  as  an  impurity  acts  as  a  donor  in  the  crystal 
lattice  of  CoSb3;  that  is,  a  partially  compensated  material. 

(3)  From  the  low  temperature  dependence  of  the  Hall 
mobility  below  300K  for  CoSb3,  a  form  of  scattering  by 
thermally  activated  hopping  of  holes  (  small  polarons  or 
bipolarons  can  be  expected  to  predominate. 

(4)  Non-stoichiometory  also  have  a  pronounced  effect 
on  the  electric  transport  properties  of  the  Skutterudite  CoSb3. 
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Abstract 

Thermoelectric  generators  and  cooling  devices  present  several 
advantages  compared  to  other  energy  conversion  technologies: 
they  are  reliable,  can  operate  unattended  in  hostile 
environments,  and  are  also  environmentally  friendly. 
However,  their  application  has  been  limited  up  to  now 
because  of  the  relatively  low  conversion  efficiency  of 
traditional  thermoelectric  materials  used  in  the  devices.  New 
more  efficient  materials  are  needed.  A  new  class  of 
semiconducting  materials  was  identified  at  JPL  a  few  years 
ago  and  the  study  of  the  properties  of  these  materials  for 
thermoelectric  and  other  applications  has  been  subject  to  a 
growing  interest.  Recent  findings  on  the  physical-chemical 
and  transport  properties  of  skuttemdite  materials  are  reviewed. 
Results  obtained  on  binary  compounds  showed  that  their 
lattice  thermal  conductivity  is  too  high  to  achieve  high 
thermo  electric  figures  of  merit.  Several  approaches  have  been 
recently  proposed  to  decrease  the  lattice  thermal  conductivity 
of  skuttemdite  materials.  They  are  described  and  illustrated  by 
recent  experimental  results.  It  is  shown  that  low  thermal 
conductivity  can  be  achieved  and  high  ZT  values  are  possible 
for  skutterudites. 

Introduction 

Skuttemdite  materials  have  generated  considerable  interest  as 
new  thermoelectric  materials  over  the  past  few  years  [1,2].  The 
value  of  a  material  for  thermoelectric  power  generation  or 
cooling  applications  is  defined  by  the  thermo  electric  figure  of 
merit  Z  which  is  a  function  of  the  Seebeck  coefficient  (a), 
electrical  resistivity  (p),  and  thermal  conductivity  (X),  and  is 
defined  as  Z  =  a2/p  X,  Skuttemdite  materials  have  interesting 
transport  properties,  in  particular  high  hole  mobilities  [3,4], 
The  work  on  skutterudites  initially  focused  on  the  study  of 
the  properties  of  die  binary  compounds  IrSb3  and  CoSb3  [1-3]. 
The  most  completely  characterized  binary  compound  is 
CoSb3.  Both  n-  and  p-type  single  crystals  were  grown  over  a 
wide  carrier  concentration  range  and  their  thermoelectric 
properties  measured  [4,5].  In  the  first  section  of  this  paper,  the 
thermoelectric  properties  of  CoSb3  are  reviewed.  The 
thermoelectric  properties  of  other  binary  compounds,  when 
known,  seem  to  follow  the  tends  established  for  CoSb3. 
Band  structures  calculations  of  skuttemdite  compounds  were 
also  recently  performed.  [6, 7].  These  studies  showed  that  the 
binary  skuttemdite  compounds  appear  to  be  small  band  gap 
semiconductors  with  highly  nonparabolic  valence  bands  in  the 
case  of  the  antimonides  which  result  in  unusual  transport 
properties.  Although  the  binary  compounds  have  good 


electrical  properties,  their  thermoelectric  figure  of  merit  is 
limited  by  their  relatively  high  thermal  conductivity  (about 
110  mW/cmKatroom  temperature  for  IrSb3  and  CoSb3).  If  the 
lattice  thermal  conductivity  of  the  binary  compounds  could  be 
significantly  reduced,  high  thermoelectric  figure  of  merit 
values  might  be  possible  [2]. 

Several  approaches  were  recently  considered  to  reduce  the 
lattice  thermal  conductivity  of  these  materials.  Such  reduction 
shave  been  observed  in  solid  solutions,  ternary  compounds, 
filled  skutterudites,  and  also  heavily  doped  n-type  samples. 
The  corresponding  phonon  scattering  mechanisms  are 
reviewed  in  the  second  part  of  this  paper  and  illustrated  by 
experimental  data  obtained  for  several  skuttemdite  materials. 
It  is  shown  that  low  thermal  conductivity  skuttemdite 
materials  can  be  obtained  and  high  ZT  values  are  possible. 

Thermoelectric  properties  of  CoSb3 

We  present  in  this  section  some  properties  of  the  binary 
skuttemdite  compound  CoSb3  at  room  temperature.  As  we 
mentioned  before,  this  compound  is  the  most  characterized  of 
the  binary  skuttemdite  compounds  MA3,  where  M  is  Co,  Rli, 
or  Ir  and  A  is  Sb,  As,  or  P.  The  data  obtained  on  the  other 
binary  compounds  showed  that  the  trends  established  for 
CoSb3  are  also  valid  for  these  compounds.  CoSb3  single 
crystals  grown  from  Sb-rich  melts  have  p-type  conductivity 
and  were  obtained  with  carrier  concentrations  from  1  x  1017  to 
1  x  1019  cm'3  [4].  N-type  single  crystals  were  obtained  by 
doping  with  Pd  or  Te  with  carrier  concentrations  from  1  x 
10  s  to  1  x  1021  cm'3  [4].  According  to  band  structure 
calculations,  CoSb3  was  predicted  to  have  an  indirect  pseudo¬ 
gap  of  0.57  eV  but  there  is  a  band  crossing  the  pseudo-gap 
and,  in  fact,  CoSb3  would  have  a  small  gap  of  only  50  meV 
[6,7]. 

The  room  temperature  variations  of  hole  and  election 
mobilities  in  CoSb3  are  shown  in  Fig.  1.  The  hole  mobilities 
are  very  large  but  the  electron  mobilities  are  much  smaller. 
According  to  the  predictions  of  Singh  and  Pickett  [6,7],  for 
hole  concentration  above  3  x  1016  cm'3,  the  hole  mobility 
should  vary  as  p’1/3  as  determined  by  the  linear  dispersions  of 
the  bands.  For  a  parabolic  band,  the  mobility  should  vary  as 
p’ 7  .  In  Fig.  1,  the  p'1/3  predicted  behavior  is  compared  with 
the  experimental  data.  For  carrier  concentrations  from  1  x  1018 
to  1  x  10  cm',  the  experimental  data  seem  to  agree 
reasonably  well  with  the  model  predictions.  However,  for 
lower  carrier  concentrations,  the  hole  mobilities  seem  to 
flatten  out  and  vary  only  weakly  with  carrier  concentration. 
This  is  presumably  due  to  a  change  in  the  carrier  scattering 
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Figure  1.  The  room  temperature  Hall  mobility  values  for  n-  and  p-type  CoSbi  crystals  as  a  function  of  the  Hall  carrier 
concentration.  The  solid  line  represents  the  predicted  behavior  derived  from  band  structure  calculations. 


Figure  2.  The  room  temperature  electrical  resistivity  values  for 
concentration 

mechanisms  as  it  was  observed  in  InSb  and  other  small  gap 
semiconductors  [8].  As  a  result  of  the  large  difference  between 
the  election  and  hole  mobilities,  the  electrical  resistivity 
values  are  larger  for  n-type  samples  than  for  p-type  at  a  given 
carrier  concentration  (see  Fig.2).  However,  electrical  resistivity 
values  about  1  m!2  cm  were  obtained  for  both  p-  and  n-type 
but  at  a  carrier  concentration  of  3  x  10  cm'  for  p-type  and 
1.5  x  1020  cm'3  for  n-type.  An  estimation  of  the  earner 
effective  masses  was  carried  out  using  a  parabolic  band  model 
and  acoustic  phonons  scattering  for  the  carriers  [5].  The  results 
showed  that  the  effective  mass  of  the  electrons  is  about  10 
times  larger  than  the  hole  effective  mass.  At  a  carrier 
concentration  of  1  X  1018  cm"3,  the  hole  effective  mass  is 
0.13  mo  and  the  electron  effective  mass  is  1.4  m0.  The  hole 


l-  and  p-type  CoSb3  crystals  as  a  function  of  the  Hall  carrier 

effective  mass  shows  some  dependence  on  the  doping  level 
which  suggests  some  degree  of  non-parabolicity  for  the 
valence  band. 

The  room  temperature  Seebeck  coefficients  values  are  shown 
in  Fig  3.  for  CoSb3.  As  a  result  of  the  large  difference 
between  election  and  hole  effective  mass,  the  n-type  Seebeck 
coefficient  values  are  much  larger  than  p-type  at  a  given  carrier 
concentration.  In  the  constant  scattering  time  approximation, 
the  Seebeck  coefficient  is  given  by  [6] 

v  3es  l\3pf  ;  (1) 

where  s  is  the  slope  of  the  linear  dispersing  band,  p  the  hole 
carrier  concentration,  and  s  =  -3.10  eV  A.  The  calculated 
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Seebeck  coefficient  values  using  equation  (1)  are  also  plotted 
on  Fig  3.  and  seem  to  agree  fairly  well  with  the  experimental 
data,  supporting  the  model  proposed  [4]. 

The  calculated  power  factor  values  (a2/p)  are  shown  in  Fig  4. 
for  p-  and  n-type  CoSb3  single  crystals.  The  power  factor 
values  are  relatively  large  and  comparable  to  those  for  state-of- 
the-art  thermoelectric  materials.  Although  a  maximum  power 
factor  value  of  about  30  qW/  cm  K2  was  obtained  for  both  p- 
and  n-type,  the  maximum  occurs  at  a  carrier  concentration  of 
about  an  order  of  magnitude  lower  for  p-type  than  for  n-type 
which  can  also  be  attributed  to  the  difference  in  effective 
masses.  Based  on  band  structure  calculations,  it  was  predicted 


that  for  p-type  antimonides,  the  doping  dependence  of  the 
power  factor  would  be  weak  [9]  but  the  experimental  data 
suggests  that  the  power  factor  is  somewhat  dependent  on  the 
carrier  concentration. 

The  minimum  thermal  conductivity  at  high  temperatures  was 
estimated  at  3.1 1  mW/cmK  for  CoSb3  [10].  Using  a  parabolic 
band  model,  acoustic  phonon  scattering  for  the  earners,  and 
assuming  that  the  thermal  conductivity  has  its  minimum 
value  of  3.11  mW/cmK,  a  maximum  room  temperature  ZT 
value  of  1.59  would  be  obtained  for  n-type  CoSb3  at  2  x  1019 
cm'3  and  0.98  for  p-type  at  5  x  1017  cm'3.  Unfortunately,  the 
intrinsic  thermal  conductivity  of  CoSb3  at  room  temperature 
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Figure  3.  The  room  temperature  Seebeck  coefficient  values  for  n-  and  p-type  CoSb3  crystals  as  a  function  of  the  Hall  carrier 
concentration.  The  dashed  lines  represent  the  best- fit  of  the  experimental  data. 
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Figure  4,  The  power  factor  (a2/p)  values  as  a  function  of  the  Hall  carrier  concentration  for  p-  and  n-type  CoSb3  at  room 
temperature 


102 


15th  International  Conference  on  Thermoelectrics  (1996) 


is  about  100  mW/cmK  and  the  ZT  values  are  low.  Existing 
thermal  conductivity  data  on  other  binary  compounds  show 
that  their  thermal  conductivity  is  also  too  high  to  outperform 
state-of-the-art  thermoelectric  materials.  It  is  clear  that  the 
efforts  should  now  focus  on  lattice  thermal  conductivity 
reduction.  Recent  studies  on  skutterudite  materials  have 
shown  that  several  phonon  scattering  mechanisms  can 
successfully  lower  the  lattice  thermal  conductivity  of 
skutterudites  and  initial  results  have  shown  that  high  ZT 
values  can  be  obtained.  The  different  approaches  are  reviewed 
in  the  next  section. 

Lattice  thermal  conductivity  reduction  in  skutterudites 

We  recently  reviewed  the  mechanisms  which  were  successfully 
used  to  reduce  the  lattice  thermal  conductivity  of  skutterudites 
[10].  The  four  major  mechanisms  are  mass  and  strain 
fluctuation,  electron-phonon  scattering  in  heavily  doped 
samples,  electron  charge  transfer  in  mixed-valence  ternary 
compounds,  and  void  filling  in  the  skutterudite  structure. 
These  mechanisms  are  briefly  described  in  the  next  paragraphs 
and  illustrated  by  experimental  data. 

Skutterudite  solid  solutions 

All  state-of-the-art  thermoelectric  materials  are  solid  solutions 
and  using  mass  and  strain  fluctuations  in  solid  solutions  is  a 
well  known  approach  to  reduce  the  lattice  thermal 
conductivity.  This  type  of  phonon  scattering  would  tend  to 
scatter  high  frequency  phonons  but  would  also  result  in  some 
carrier  mobility  reduction.  Thus,  improvements  in  the 
thermo  electric  properties  can  be  obtained  if  the  ratio  between 
earner  mobility  and  lattice  thermal  conductivity  (pAL)  is 
larger  for  the  solid  solutions.  A  number  of  solid  solutions 
between  skutterudite  compounds  were  reported  in  the  literature 
[2,11-13].  More  recent  studies  showed  that  many  more  solid 
solutions  can  be  formed  and  initial  results  showed  that  some 
reduction  in  lattice  thermal  conductivity  can  be  obtained  [14]. 
For  example,  a  room  temperature  lattice  thermal  conductivity 
of  29  mW/cmK  was  obtained  for  a  solid  solution 
(IrSb3)o.i2(CoSb3)o88.  This  represents  a  threefold  reduction 
compared  to  either  one  of  the  end  members  in  this  system. 
Results  obtained  for  a  solid  solution  (RhSb3)o.5(IrSb3)o.5 
showed  that  its  room  temperature  lattice  thermal  conductivity 
was  90  mW/cmK  [2],  The  reduction  is  not  as  large  as  for  the 
solid  solution  (IrSb3)o.i2(CoSb3)o  s8and  can  be  attributed  to  the 
fact  that  the  decrease  is  only  due  to  mass  fluctuation  in  this 
system  and  that  there  is  no  strain  fluctuation.  In  order  to  help 
selecting  the  most  promising  solid  solutions  systems,  the 
effect  of  mass  and  strain  fluctuation  scattering  of  phonons  was 
calculated  for  skutterudites  using  the  theory  developed  by 
Callaway  and  Von  Baeyer  [15].  The  details  of  the  calculations 
and  the  results  will  be  published  later.  The  major  findings  are: 

1 .  Skutterudite  alloys  with  small  mass  and  volume 
fluctuations  (such  as  CoSb3-Feo.5Nio.5Sb3,  IrSb3-RliSb3 
and  IrSb3-RuSb2Te)  exhibit  relatively  small  decrease  in 
thermal  conductivity,. 

2.  Alloys  between  ternary  and  binary  skutterudites  do  not 
result  in  lower  thermal  conductivity  values  compared  to 
those  obtained  for  optimum  binary  skutterudite  alloys. 


3.  The  lowest  thermal  conductivity  values  are  achieved  for 
alloys  maximizing  mass  and  volume  fluctuations,  such  as 
CoSb3-IrP3  with  8  mW/cmK  for  a  50  mole% 
concentration. 

These  calculations  show  that  point  defect  scattering  can  be  a 
very  efficient  phonon  scattering  mechanism  in  some 
skutterudite  solid  solutions.  More  work  is  needed  to 
determine  the  solubility  limit  of  some  of  these  solid  solutions 
and  efforts  are  currently  underway  to  prepare  samples  of  Hie 
most  promising  systems  and  compare  the  experimental  data 
with  the  theoretical  predictions. 

Heavily  doped  CoSb^ 

The  thermal  conductivity  of  heavily  doped  n-type  CoSb3 
sample  was  recently  measured  [5].  The  thermal  conductivity 
data  are  shown  in  Fig.  5.  For  lightly  doped  samples,  the 
room  temperature  lattice  thermal  conductivity  is  about  100 
but  for  more  heavily  doped  samples,  the  value  decreases  to 
about  57  mW/cmK.  The  temperature  dependence  of  the  lattice 
thermal  conductivity  varies  with  the  doping  level  of  the 
samples,  becoming  smaller  for  heavily  doped  samples.  These 
results  suggest  that  election-phonon  scattering  is  responsible 
for  the  large  decrease  in  lattice  thermal  conductivity  in  heavily 
doped  samples.  This  is  an  interesting  finding  because  charge 
carrier  phonon  scattering  would  scatter  the  phonons  with  low 
frequency  and  if  coupled  with  point  defect  scattering  could 
result  in  very  low  lattice  thermal  conductivity  values.  The 
combination  of  point  defects  and  charge  earner  scattering  was 
utilized  in  Si-Ge  alloys  [16].  Up  to  now,  this  scattering 
mechanism  appears  to  be  much  weaker  in  p-type  samples. 

Ternary  compounds 

The  properties  of  the  temaiy  skutterudite  phase  Ruo.5Pdo.5Sb3 
were  recently  studied  in  details  [17].  The  thermal  conductivity 
data  are  shown  in  Fig.  6.  The  total  room  temperature  thermal 
conductivity  is  30  mW/cmK  and  the  lattice  component  is 
about  16  mW/cmK,  about  five  times  lower  than  for  p-type 
CoSb3.  The  substitution  of  Ru  and  Pd  for  Rli  in  RhSb3  is 
expected  to  create  some  mass  and  volume  disorder  in  the 
structure,  resulting  in  lower  thermal  conductivity.  However, 
Ru  and  Pd  have  only  slightly  different  atomic  masses  and 
atomic  radii.  Therefore,  the  large  decrease  in  lattice  thermal 
conductivity  does  not  appear  to  be  only  due  to  mass  and 
volume  fluctuations.  A  possible  explanation  for  the  unusually 
high  scattering  rates  of  charge  carriers  and  phonons  in 
Ruo.5Pdo.5Sb3  could  be  that  ruthenium  has  a  mixed  valence 
states  and  electrons  are  transferred  between  the  two  ions, 
scattering  the  phonons.  The  binary  compound  CoSb3  can  be 
described  by  its  ionic  formula:  Co3+Sb3_1.  For  the 
stoichiometric  Ru0  5Pdo  sSb3,  we  assume  that  the  valence  state 
of  Ru,  Pd,  and  Sb  would  be  Ru2+,  Pd4+,  and  Sb'1.  A 
systematic  shift  from  the  stoichiometry  Ruo.5Pdo.5Sb3  was 
revealed  by  microprobe  analysis.  To  compensate  for  the  Pd 
deficit  and  excess  Sb  in  the  samples,  the  Ru  might  take  a 
mixed  valence  state,  i.e.y  Ru2+  and  Ru4+.  Based  on  the 
microprobe  results,  we  calculated  that  48%  of  the  Ru  would 
be  in  the  Ru4+  state  in  our  samples.  In  a  study  of  the  thermal 
conductivity  of  Fe304,  Slack  [18]  has  shown  that  the  phonon 
scattering  caused  by  interaction  of  the  phonons  by  local 
disorder  in  the  magnetic  lattice  was  significant. 


103 


15th  International  Conference  on  Thermoelectrics  (1996) 


Temperature  (K) 


Figure  5.  The  thermal  conductivity  values  as  a  function  of  temperature  for  n-type  CoSb3  samples  with  different  doping  levels: 
40B25  (2  x  1019  cm'3)  and  OB26  (2  x  102°  cm'3).  The  dashed  lines  correspond  to  the  lattice  thermal  conductivity. 
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Figure  6.  Thermal  conductivity  versus  temperature  for  three  hot-pressed  Ruo.5Pdo.5Sb3  samples.  The  solid  line  corresponds  to 
the  typical  thermal  conductivity  values  for  p-type  CoSb3  and  the  dashed  line  is  the  calculated  lattice  thermal  conductivity  for 
sample  1RPS4HP. 


Similarly,  for  Ruo.5Pdo.5Sb3,  election  exchange  between  the 
Ru2+  and  Ru4+  ions  and/or  Pd4+  might  occur  which  could 
explain  why  a  large  decrease  in  carrier  mobility  was  obseived. 
Similarly  to  Fe304,  the  nearly  temperature  independent 
thermal  conductivity  might  be  caused  (at  least  partially)  by 
the  same  electron  exchange  between  the  ions  in  this 


compound.  This  scattering  mechanism  might  also  be  at  the 
origin  of  the  low  thermal  conductivity  observed  on  other 
ternary  skutterudite  compounds  [19].  Although  ternary 
compounds  have  rather  low  thermal  conductivity  values,  it 
was  not  found  yet  how  to  control  their*  electrical  properties. 
The  ZT  values  for  these  compounds  are  relatively  low  but 
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Temperature  (C) 


Figure  7.  Thermal  conductivity  versus  temperature  for  three  CeFe4-xCoxSbi2  filled  skuttemdite  compositions. 


efforts  should  focus  on  controlling  the  doping  level,  preparing 
n-type  samples,  and  investigate  their  properties. 

Filled  skutterudites 

Finally,  the  last  approach  which  was  considered  to  lower  the 
lattice  thermal  conductivity  of  skutterudite  materials  is  to  fill 
the  voids  present  in  the  skuttemdite  structure  with  rare  earth 
elements.  Slack  [20]  fust  suggested  that  the  “rattling”  of  the 
rare  earth  element  would  produce  a  significant  phonon 
scattering  and  reduce  the  thermal  conductivity.  Experimental 
evidence  of  this  enhanced  phonon  scattering  was  since 
published  in  the  literature  [21-24],  This  approach  seems  to  be 
particularly  promising  in  light  of  recent  results  obtained  on 
CeFe4.xCoxSb  12  materials  [24].  The  thermal  conductivity  data 
of  some  of  these  compositions  are  shown  in  Fig.  7.  The  room 
temperature  lattice  thermal  conductivity  of  CeFe4-Sbi2is  about 
12  mW/cmK.  As  a  result  of  these  low  thermal  conductivity 
values  and  good  transport  properties  of  these  semi-metallic 
compositions,  ZT  values  up  to  1.4  at  600°C  were  measured. 
Numerous  filled  skutterudites  with  the  formula  RM4Bi2, 
where  M=Fe,  Ru  or  Os  and  B=  P,  As  or  Sb,  are  known.  The 
calculated  band  gaps  for  CeFe4Sbi2  and  CeFe4Pi2  are  0.1  and 
0.34  eV,  respectively  [7].  In  addition,  band  structure 
calculations  determined  that  these  compounds  should  possess 
large  effective  masses  which  should  result  in  large  Seebeck 
coefficients.  The  properties  of  these  compounds  will  be 
investigated  further. 

Summary 

The  thermoelectric  properties  of  the  binary  skuttemdite 
compound  CoSb3  have  been  reviewed  and  we  have  shown  that 
this  compound  possesses  good  electric  properties  but  the 
thermoelectric  figure  of  merit  value  are  limited  by  die 
relatively  high  thermal  conductivity  values.  We  have  also 
reviewed  several  phonon  scattering  mechanisms  which  can 


reduce  the  lattice  thermal  conductivity  of  skutterudites. 
Among  these  mechanisms,  mass  and  strain  fluctuation  and 
void  filling  appear  to  be  the  most  promising.  Ultimately,  a 
combination  of  these  mechanisms  should  be  employed  to 
reach  lattice  thermal  conductivity  close  to  the  theoretical 
minimum.  Initial  results  show  that  high  ZT  values  are 
obtainable  for  skutterudites.  Efforts  are  currently  underway  at 
JPL  to  investigate  the  various  approaches  described  in  this 
paper  to  reduce  the  lattice  thermal  conductivity. 
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Abstract 

The  thermoelectric  properties  of  CoSb3,  which  was  doped  with 
IV  elements  of  Sn,  Ge  and  Pb,  were  investigated  in  order  to 
improve  the  p- type  thermoelectric  performance  of  non-doped 
CoSb3.  Co(M^Sb,J3  (M=Ge,  Sn,  Pb)  compounds  were 
prepared  by  hot-pressing.  The  solubility  limit  of  these 
dopants  was  determined  from  measurements  of  the  x-ray 
photoelectron  spectroscopy  (XPS).  The  solubility  limit  of  Ge 
and  Sn  are  estimated  to  be  about  1.4  and  2.4%,  respectively, 
while  Pb  hardly  substitutes  for  Sb.  The  Hall  measurements 
reveal  that  the  maximum  carrier  concentrations  at  room 
temperature  were  1.5  X  1019cm'3  for  Ge  and  2.9  X  1019cm'3  for 
Sn.  The  change  in  the  mobility  with  x  can  be  explained 
qualitatively  by  taking  account  of  conduction  of  both  holes 
and  electrons  in  doped  CoSb3.  The  electrical  conductivity  o 
and  Seebeck  coefficient  S  of  these  samples  were  measured  in 
the  temperature  range  from  300  to  800K.  The  p- type 
conduction  is  achieved  in  the  whole  temperature  range  by 
introducing  Ge  and  Sn  in  CoSb3.  The  values  of  the  power 
factor  S2a  for  CofSn^Sb^  with  x=\%  are  of  the  order  of 
10'5W/cmK2  and  2-10  times  as  high  as  those  of  the  non-doped 
CoSb3  in  the  wide  temperature  range. 

Introduction 

Many  skutterudite  compounds  have  been  investigated  as  new 
thermoelectric  materials  [1-13].  These  compounds  have  an 
extraordinarily  high  hole  mobility,  compared  with  those  of 
state-of-the-art  semiconductors.  Further,  the  thermal 
conductivity  of  skutterudite  compounds  is  relatively  low 
because  of  their  large  unit  cell.  These  natures  are  favorable  for 
a  thermoelectric  material.  In  these  skutterudite  families,  CoSb3 
have  been  investigated  actively  as  is  the  case  with  IrSb3 
[1-3,7-11,13].  Non-doped  CoSb3  shows  p- type  conduction 
due  to  its  high  hole  mobility.  For  CoSb3  with  n-type 
conduction,  Ni,  Pd  and  Te  have  been  used  as  a  dopant 

[2. 3. 7. 8.1 1] .  We  found  that  the  substitution  of  Pd  for  Co  in 
sintered  CoSb3  allowed  one  to  enhance  the  «-type 
thermoelectric  performance  [8].  On  the  other  hand,  although 
Fe  and  Sn  are  known  as  a  dopant  for  p- type  CoSb3,  few 
studies  on  the  doping  for  p- type  CoSb3  have  been  made 

[2.3.11] .  Since  the  bonding  of  CoSb3  is  predominantly 
covalent,  the  substitution  of  IV  elements,  such  as  Ge,  Sn  and 
Pb,  for  Sb  (V  element)  is  expected  to  be  effective  for 
generation  of  holes,  that  is,  enhancement  of  p-type 
thermoelectric  performance. 

In  this  paper,  we  report  some  results  of  CoSb3  which  was 
doped  with  IV  elements  of  Sn,  Ge  andPb  by  substituting  for 


Sb.  The  solubility  limit  of  these  dopant  in  CoSb3  is 
dscussed  based  on  the  results  of  the  x-ray  photoelectron 
spectroscopy  (XPS).  The  dependence  of  the  carrier 
concentration  and  the  mobility  for  CoCM^Sb^  (M=Ge,  Sn) 
on  the  introduced  dopant  concentration  x  are  also  dscussed 
For  the  thermoelectric  properties  of  CoCM^Sb^  (M=Ge,  Sn), 
results  of  the  electrical  conductivity  and  the  Seebeck 
coefficient  are  described,  and  the  thermoelectric  figure  of  merit 
is  estimated. 

Experiment 

CoSb3  doped  with  Ge,  Sn  and  Pb  was  sintered  by 
hot-pressing.  Co  (99.9%)  and  Sb  (99.9999%)  ingots  were 
mixed  in  the  molar  ratio  Co:Sb=l:3.1,  which  took  account  of 
deficiency  of  Sb  due  to  evaporation  during  the  following 
process.  The  ingots  of  Ge  (99.9999%),  Sn  (99.999%)  andPb 
(99.9999%)  were  also  mixed  as  a  dopant  with  the  mixture  of 
Co  and  Sb.  The  introduced  dopant  concentration  *  were 
changed  from  0.5%  to  5%  of  an  Sb  amount.  The  mixture  of 
these  ingots  was  arc-melted  together  in  an  Ar  atmosphere,  and 
the  resultant  alloy  was  crushed  and  ground  by  ball-milling  to 
powder  diameters  of  several  pm.  The  obtained  powder  was 
hot-pressed  at  600 °C  and  60MPa  for  3  hours  in  an  Ar 
atmosphere. 

The  dopant  concentration  in  the  sintered  CoSb3  was  measured 
and  the  bonding  state  of  the  dopant  was  investigated 
simultaneously  by  the  x-ray  photoelectron  spectroscopy 
(XPS).  The  ciystal  structure  was  checked  by  the  x-ray 
dffractometry  (XRD)  analysis.  The  Hall  measurements  were 
made  at  room  temperature  to  examine  the  carrier  concentration 
and  the  mobility.  The  carrier  concentration  p  was  calculated 
from  the  Hall  coefficient  Ru  using  the  simple  equation 
p-\l(eR^).  The  Hall  mobility  pH  was  determined  from  the 
zero-field  conductivity  a  and  RH  using  the  equation  p^=RHa. 
The  electrical  conductivity  a  and  Seebeck  coefficient  S  were 
measured  in  the  temperature  range  from  300  to  800K. 

Results  and  Discussion 

Sintered  CotM^Sb^  (M=Ge,  Sn,  Pb)  had  a  skutterudite 
structure  and  was  highly  dense  within  x=0~5%.  The  powder 
of  Co(MjCSb1.r)3  showed  a  typical  x-ray  diffraction  pattern  of 
CoSb3  powder  and  no  diffraction  peak  from  other  phases  could 
be  observed  in  the  patterns.  The  measured  densities  of  all 
samples  were  found  to  be  over  96%  of  the  theoretical  CoSb3 
density. 

Figure  1  shows  the  dopant  concentrations,  which  were 
measured  by  XPS,  as  a  function  of  the  introduced  dopant 
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concentration  x.  For  Ge  and  Sn,  their  concentrations  in 
CoSb3  are  almost  equal  to  x ,  and  Ge  and  Sn  remain  in  CoSb3 
through  the  arc-melting  and  the  hot-pressing  processes.  On 
the  other  hand,  Pb  concentration  becomes  lower  than  the 
introduced  Pb  concentration  x. 

Figures  2  (a),  (b)  and  (c)  show  the  XPS  spectra  of  Ge  2 p3f2 
core  electron  for  CoCGe^Sb!  J3,  Sn  34/2  for  CoCSn.Sb,  J3  and 
Pb  4 fin  for  Co(Pb^Sb1.;r)3  with  different  introduced  dopant 
concentrations  jc,  respectively.  In  these  figures,  Mm"  and  "c" 
indicate  the  XPS  peak  of  the  non-substituted  metallic  dopant 
and  the  substituted  dopant  for  Sb  in  a  CoSb3  crystal, 
respectively.  The  V  peaks  shift  toward  higher  energies,  as 


0  1  2  3  4  5  6 

Dopant  Concentration  x  (%) 


Fig.  1  Measured  dopant  concentration  vs.  introduced 
dopant  concentration. 


compared  with  the  "m"  peaks,  resulting  from  the  formation  of 
covalent  bonds  of  dopant  atoms  in  the  skutterudite  crystal. 
For  Ge  and  Sn,  although  the  ”cM  peaks  are  dominant  for  x  S 
2%,  the  "m"  peaks  become  higher  than  "c”  peaks  as  x 
increases  above  *=3%.  Figure  3  shows  the  XPS  peak  area 
ratio  SJ(Sc+Sm)  of  the  "c"  peak  to  these  two  peaks  as  a 
function  of  *.  The  peak  ratios  Sc/(SC+Sm)  for  Ge  and  Sn 
hardly  change  up  to  x=2%,  and  rapidly  decrease  above  x=2% . 
From  the  results  of  Fig.  1  and  Fig.3,  the  solubility  limits  of 
Ge  and  Sn  could  be  estimated  to  be  about  1.4%  and  2.4%, 
respectively. 

On  the  other  hand,  for  Pb  the  "m"  peak  appears  even  at 
*=0.5%  in  Fig. 2  (c),  and  the  peak  ratio  SJ(Sc+Sm)  is  not 
dependent  on  *.  These  results  suggest  that  Pb  is  not 
substituted  for  Sb  in  an  appreciable  amount.  Bi,  of  which 
tetrahedral  covalent  rad  us  is  almost  equal  to  that  of  Pb,  was 
reported  to  be  hardy  substituted  for  Sb  [2].  The  electrical 
conductivity  a  hardy  changed  even  if  Pb  was  introduced  up  to 
*=5%.  Accordngly,  it  is  concluded  that  the  tetrahedal 
covalent  radius  of  Pb  is  too  large  for  Pb  to  substitute  for  Sb. 

Figure  4  shows  the  carrier  concentrations  ( n  or  p)  at  room 
temperature  for  Co(Ge,Sb,J3  and  CoCSn^Sb^  as  a  function 
of  the  introduced  dopant  concentration  *.  Non-doped  CoSb3 
shows  n-type  conduction.  This  is  related  to  the  deficiency  of 
Sb  during  the  arc-melting  and  the  hot-pressing  processes  [11] 
and/or  n-type  impurities  such  as  Ni  in  Co  powder.  As  * 
increases,  the  carrier  concentration  decreases  and  the 
conduction  changes  from  n- type  to  p- type.  The  dopant 

concentration  xc  at  which  the  conduction  changes  from  n-type 
to  /?-type  is  approximately  *c=1.3%  for  Co(GerSb, J3  and 
*c=0.7%  for  CoCSn^Sb^.  At  about  *=3%,  each  carrier 
concentration  reaches  the  maximum  and  decreases  slightly 
above  *=3%.  The  maximum  values  of  hole  concentration  p 
are  1.5  X  1019cm'3  and  2.9  X  10l9cm'3  for  Co(GexSb,.Jt)3  and 
CofSOjSb,.,),,  respectively.  For  CofGe^Sb,.^,  p  is  lower  and 
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Fig-2  XPS  spectra  of  (a)  Ge  2 p3l2  core  electron  for  Ge-,  (b)  Sn  34/2  for  Sn-  and  (c)  Pb  4/7/2  for  Pb-doped  CoSb3  with  different*. 
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*c  is  higher  than  those  for  CoCSn^Sb^)-*.  This  is  attributed  to 
the  lower  solubility  limit  for  CoCGe^Sb^  than  that  for 
Co(SnxSb1_Jt)3.  The  Ge  and  Sn  atomic  concentrations  in  the 
CoSb3  crystal,  which  were  estimated  from  the  values  of 
solubility  limit,  are  4.6  X  1020cm3  and  7.8  x  102Ocm'\ 
respectively.  A  few  percent  of  dopant  atoms  substituted  for 
Sb  is  found  to  be  active  as  an  acceptor. 

Figures  shows  the  Hall  mobility  pH  at  room  temperature  for 
CoCGe^Sb^  and  CoCSn^Sb^  as  a  function  of  the  introduced 
dopant  concentration  x.  The  values  of  pH  are  lower  than  those 
of  single  crystals  due  to  the  scattering  at  grain  boundaries  in 
the  sintered  CoSb3.  The  pH  increases  with  increasing  x  and 


Dopant  Concentration*  (%) 

Fig.3  XPS  peak  area  ratio  Sc/(Sc+Sm)  as  a  function  of 
*  for  Ge-,  Sn-  and  Pb-doped  CoSb3. 


Fig.4  Carrier  concentration  nip  at  room  temperature  as 
a  function  of  *  for  Ge-  and  Sn-doped  CoSb3. 


tends  to  be  saturated  above  about  *=3%.  When  both  electrons 
and  holes  coexist  in  a  semiconductor,  the  mobility  \i  is  given 
as  the  following  equation. 

J^-^i  a) 

VpP  +  W 

where  pp  and  pn  are  mobilities  for  holes  and  electrons, 
respectively.  CoSb3  has  an  extraordinarily  high  hole  mobility 
pp  (~3000cm2/Vs  [7])  and  a  relatively  low  electron  mobility  pn 
(~100cm2/Vs  [7]).  Accordngly,  as  the  hole  concentration  p 
increases,  the  mobility  p  increases  accord ng  to  Eq(l). 
Co(Ge;cSb1.;t)3  shows  lower  values  of  pH  in  the  whole  dopant 
concentration  range  than  those  of  CoCSn^Sb,.^,  since  the 
phonon  scattering  is  enhanced  due  to  a  large  mass  dfference 
between  Sb  and  Ge. 

Figures  6  (a)  and  (b)  show  the  temperature  dependence  of 
electrical  conductivity  a  for  CoCGe.Sb^  and  CoCSn^Sb^, 
respectively.  The  electrical  conductivities  a  for  both  doped 
CoSb3  increase  rapidly  at  the  dopant  concentration  *  at  which 
the  conduction  changes  from  rc-type  to  p- type.  Since  the 
carrier  conduction  state  is  degenerate,  a  of  the  doped  CoSb3 
with  higher  *  decreases  with  an  increase  in  temperature 
accordng  to  a  decrease  in  the  mobility.  The  mobility  p  of  the 
samples  with  higher*  was  calculated  assuming  that  the  carrier 
concentrations  is  constant.  For  Co(GexSbi_J3  with  *=2%  and 
CoCSn^Sb^  with  x=l%,  p  almost  obeys  the  relation  poc 
r1 5,  suggesting  that  carriers  are  mainly  scattered  by  acoustic 
phonons.  As  *  increases  above  *=2%  for  Co(GexSbUx)3  and 
*=1%  for  CoCSn^Sb^,  p  deviates  from  the  relation  p<*Tl 5 
by  the  other  scattering  such  as  the  ionized  impurity  scattering. 

Figures  7  (a)  and  (b)  show  the  temperature  dependence  of 
Seebeck  coefficient  S  for  CoCGe^Sb^  and  Co(SnxSbUt)3, 
respectively.  For  non-doped  CoSb3,  CoCGe^Sb^  (*^S  1%) 
and  CoCSn^Sb^  (*=0.5%),  the  sign  of  S  is  negative  at  lower 


Dopant  Concentration*  (%) 


Fig.5  Hall  mobility  pH  at  room  temperature  as  a 
function  of  *  for  Ge-  and  Sn-doped  CoSb3. 
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temperatures  and  changes  to  positive  at  higher  temperatures. 
The  temperature  dependence  of  S  for  these  samples  is  very 
similar  to  that  of  the  hot-pressed  CoSb3  [11].  For  the 
samples  with  higher  x,  the  sign  of  S  is  positive  in  the  whole 
temperature  range,  and  the  p-type  conduction  can  successfully 
be  obtained  As  the  dopant  concentration  x  increases,  the 
values  of  5  decreases  slightly,  and  the  temperature  at  which  S 
shows  the  maximum  shifts  toward  higher  temperatures.  This 
behavior  can  be  explained  by  an  increase  in  the  carrier 
concentration. 

Figure  8  shows  the  temperature  dependence  of  the  power  factor 
S2a  for  CoCGe^Sb,.^  with  x=2%  and  Co(SnxSbi_x)3  with 
x=l% ,  which  showed  the  highest  S2a  at  600K  of 


(b) 

Fig. 6  Temperature  dependence  of  condictivity  a  for 
(a)  Ge-  and  (b)  Sn-doped  CoSb3  with  different  x. 


GXGe^Sb^  and  Co(SnxSbKt)3,  respectively.  In  this  figure, 
the  power  factor  S2o  for  non-doped  CoSb3  is  compared  Note 
that  for  non-doped  CoS b3  the  conduction  changes  from  n-type 
to  p-type  at  about  450K.  The  values  of  S2crfor  doped  CoSb3 
are  2-10  times  as  high  as  those  for  non-doped  CoSb3. 
Although  the  value  of  S 2 a  is  almost  same  between 
Co(Ge*Sbi _x)3  and  Co(SntSblx)3  above  about  580K,  S2a  of 
CoCSn^Sb^  is  improved  better  than  that  of  Co(GexSbUx)3 
below  about  580K.  For  Co(SnJCSb1.JC)3,  the  value  of  S2a  is 
almost  constant  and  of  the  order  of  10~5W/cmK2  in  the 
temperature  range  from  300  to  600K.  From  these  values,  the 
maximum  value  of  the  non-dimensional  thermoelectric  figure 
of  merit  ZT  was  estimated  using  the  values  of  thermal 


(a) 


Temperature  (K) 

(b) 

Fig. 7  Temperature  dependence  of  Seebeck  coefficient  S 
for  (a)  Ge-  and  (b)  Sn-doped  CoSb3  with  different  x. 
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Co(MiSb1_*)3 


Temperature  (K) 

Fig. 8  Temperature  dependence  of  power  factor  S2o  for 
Ge-  (x=2%)  and  Sn-dopedCoSb3  (x-\%\  as  compared 
with  that  of  non-doped  CoSb3. 

conductivity  k  of  the  hot-pressed  non-doped  CoSb3  [1 1].  The 
maximum  ZT  of  0.15  was  obtained  at  600K.  This  value  is 
comparable  to  that  of  non-doped  single  crystals  [7].  An 
improvement  of  the  figure  of  merit  Z  for  these  doped  CoSb3 
would  be  achieved  by  suppressing  minority  carriers  (electron) 
which  give  rise  to  a  decrease  in  the  mobility  \ u.  The 
hot-pressed  CoSb3,  which  was  prepared  using  Co  of  high 
purity  (99.998%)  by  solid  reaction  of  Co  and  Sb,  showed 
p-type  conduction  in  the  temperature  range  from  300  to  800K 
and  a  high  mobility  of  the  order  of  1000cm 2/Vs  at  room 
temperature  [13].  This  result  suggests  that  the  value  of  ZT  of 
these  doped  CoSb3  is  improved  2-3  times. 

Conclusion 

The  thermoelectric  properties  of  Co(MJtSb1.JC)3  (M=Ge,  Sn,  Pb) 
compounds  were  investigated  The  solubility  limits  of  Ge  and 
Sn  are  estimated  to  be  1.4  and  2.4%,  respectively,  while  Pb 
hardly  substitutes  for  Sb.  The  p-type  conduction  is  achieved 
in  the  temperature  range  from  300  to  800K  and  the  hole 
concentration  at  room  temperature  is  in  excess  of  1019cm‘3  by 
doping  CoSb3  with  Ge  and  Sn.  The  values  of  power  factor 
S2a  for  Co(SnjrSb1.jC)3  with  x=l%  are  of  the  order  of 
105W/cmK2  in  the  wide  temperature  range,  leading  to  the 
estimation  of  ZT=0. 15  at  600K.  The  figure  of  merit  Z  for 
these  doped  CoSb3  is  expected  to  be  increased  by  suppressing 
minority  carriers  (electron)  which  give  rise  to  a  decrease  in  the 
mobility  p.  By  improving  the  process  of  sintered  CoSb3,  Ge 
and  Sn  could  become  candidates  for  an  effective  p- type  dopant. 

Acknowledgement 

This  work  is  supported  in  part  by  the  Yamaguchi  prefectural 
government. 


[1]  L.D.  Dudkin  and  N.Kh.  Abrikosov,  "A  Physicochemical 
Investigation  of  Cobalt  Antimonides",  Russ.  J.  Inorg. 
Chem.  1,  pp.  169-180  (1956). 

[2]  L.D.  Dudkin  and  N.Kh.  Abrikosov,  MOn  the  Doping  of 
the  Semiconductor  Compound  CoSb3",  Sov.  Phys.  Solid 
State  1,  pp.126-133  (1959). 

[3]  B.N.  Zobrina  and  L.D.  Dudkin,  "Investigation  of  the 
Thermoelectric  Properties  of  CoSb3  with  Sn,  Te,  and  Ni 
Impurities",  Sov.  Phys.  Solid  State  1,  pp.  1688-1674 
(1960). 

[4]  T.  Caillatand  A.  Borshchevsky  andJ.-P.  Fleurial,  "Novel 
Transition  Metal  Compounds  with  Promising 
Thermoelectric  Properties",  Proc.  XII  Int.  Conf.  on 
Thermoelectrics ,  IEEJ,  Tokyo,  Yokohama  (Japan), 
pp.  132-136  (1994). 

[5]  G.A.  Slack  and  V.G.  Tsoukala,  "Some  Properties  of 
Semiconducting  IrSb3",  J.  Appl.  Phys.  76(3),  pp.  1665- 
1671  (1994). 

[6]  J.-P.  Fleurial,  T.  Caillat  and  A.  Borshchevsky, 
"Skutterudite:  a  New  Class  of  Promising  Thermoelectric 
Materials",  Proc .  XIII  Int .  Conf.  on  Thermoelectrics ,  AIP 
Press,  New  York,  Kansas  City  (USA),  pp.40-44  (1995). 

[7]  T.  Caillat,  A.  Borshchevsky  and  J.-F.  Fleurial, 
"Preparation  and  Thermoelectric  Properties  of  p-  and 
n-type  CoSb3",  Proc.  XIII  Int.  Conf  on  Thermoelectrics , 
AIP  Press,  New  York,  Kansas  City  (USA),  pp.58-61 
(1995). 

[8]  K.  Matsubara,  T.  Iyanaga,  T.  Tsubouchi,  K.  Kishimoto 
and  T.  Koyanagi,  "Thermoelectric  Properties  of 

(Pd,Co)Sb3  Compounds  with  Skutterudite  Structure, 
Proc.  XIII  Int.  Conf  on  Thermoelectrics ,  AIP  Press,  New 
York,  Kansas  City  (USA),  pp.226-229  (1995). 

[9]  D.T.  Morelli,T.  Caillat,  J.-P.  Fleurial,  A.  Borshchevsky, 
J.  Vandersande,  B.  Chen  and  C.  Uher,  "Low-Temperature 
Transport  Properties  of  p-type  CoSb3",  Phys.  Rev.  B  51 

(15),  pp.9622-9628  (1995). 

[10] D.  Mandrus,  A.  Migliori,  T.W.  Darling,  M.F.  Hundley, 
E.J.  Peterson  andJ.D.  Thompson,  "Electronic  Transport 
in  Lightly  Doped  CoSb3",  Phys.  Rev.  B  52  (7), 
pp.4926-493 1  (1995). 

[1 1] J.W.  Sharp,  E.C.  Jones,  R.K.  Williams,  P.M.  Martin  and 
B.C.  Sales,  "Thermoelectric  Properties  of  CoSb3  and 
Related  Alloys",  J.  Appl.  Phys.  78  (2),  pp.1013-1018 
(1995). 

[12] J.-P.  Fleurial,  T.  Caillat  and  A.  Borshchevsky, 
"Thermoelectric  Materials  with  the  Skutterudite  Structure: 
New  Results",  Proc.  XIV  Int.  Conf.  on  Thermoelectrics , 
A.  F.  Ioffe  Physical -Technical  Institute,  St.  Petersburg, 
St.Petersburg  (Russia),  pp.231-235  (1995). 

[13] K.  Matsubara,  H.  Anno,  T.  Sakakibara,  Y.  Notohara,  H. 
Shimizu  and  T.  Koyanagi,  "Electronic  Transport 
Properties  of  CoSb3  and  Mixed  Alloys",  Proc.  XV  Int. 
Conf.  on  Thermoelectrics  (in  this  conference),  Pasadena 
(USA)  (1996). 


Ill 


15th  International  Conference  on  Thermoelectrics  (1996) 


Solid  Solution  Formation:  Improving  the  Thermoelectric  Properties  of  Skutterudites 


A.  Borshchevsky,  T.  Caillat,  and  J.-P.  Fleurial 
Jet  Propulsion  Laboratory/Califomia  Institute  of  Technology 
4800  Oak  Grove  Drive,  MS  277-207,  Pasadena,  CA  91109 
alexander.borshchevsky  @jpl.nasa.gov 


Abstract 

Skutterudite  semiconductors  possess  attractive  transport 
properties  and  have  a  good  potential  for  achieving  high 
theimoelectric  figures  of  merit,  ZT.  Low  electrical 
resistivities  and  moderate  to  large  Seebeck  coefficients  are 
obtained  in  binary  skutterudite  compounds  such  as  CoSb3. 
However,  their  thermal  conductivities  are  too  high  (100  to  150 
x  10'3  Wcm^K1  at  300K)  to  achieve  high  ZT  values.  It  is  well 
known  that  the  formation  of  solid  solutions,  or  alloying,  can 
substantially  reduce  the  lattice  thermal  conductivity  of 
semiconductors.  Because  a  large  number  of  skutterudite 
compounds,  solid  solutions  and  related  phases  exist,  these 
materials  offer  many  possibilities  for  optimizing  the  thermal 
and  electrical  properties  to  a  specific  range  of  temperature.  An 
overview  of  the  formation  of  skutterudite  solid  solutions  is 
given.  It  is  shown  that  a  substantial  decrease  of  thermal 
conductivity  can  be  achieved  in  cases  where  the  fluctuations 
of  atomic  masses  and  volumes  can  be  maximized  and  the 
possibility  of  achieving  high  ZT  values  is  discussed. 

Introduction 

The  chemical  compounds  with  the  skutterudite  structure  have 
been  found  to  be  attractive  thermoelectric  materials  [1,2]. 
Most  of  the  binary  skutterudite  compounds  possess  reasonably 
large  Seebeck  coefficient  and  good  electrical  conductivity, 
resulting  in  large  power  factor  values  comparable  to  state-of- 
the-art  thermoelectric  materials.  However,  their  thermal 
conductivity  remains  too  high  to  make  these  materials 
efficient  thermoelectrics.  The  room  temperature  thermal 
conductivity  values  are  about  100  xlO'3  Wcm^K"1  with  80%  of 
lattice  contribution.  The  formation  of  solid  solution  is  a  well 
known  approach  to  lower  the  lattice  thermal  conductivity.  It 
has  already  been  shown  that  in  solid  solutions  between  IrSb3 
and  CoSb3  the  thermal  conductivity  can  be  substantially 
reduced,  from  90-100  to  30-35  x  10'3  WcnCK"1,  at  room 
temperature  [3].  The  formation  of  solid  solutions  in  numerous 
systems  (binary-binary,  binary-ternary  and  ternary-ternary 
combinations)  was  investigated  and  thirteen  new  solid 
solutions  were  found. 


Experimental 

Polycrystalline  samples  were  prepared  by  low  temperature 
synthesis  of  elemental  powders  followed  by  hot  pressing, 
resulting  in  dense  cylinders  of  5-15mm  long  and  6.35mm  in 
diameter  (95-97%  of  the  theoretical  density  calculated  from  the 
lattice  parameters).  X-ray  diffractometry,  optical  and  electron 
microscopy,  microprobe  analysis,  electrical  and  thermal 
measurements  (Seebeck  coefficient,  electrical  resistivity, 
thermal  conductivity)  and  speed  of  sound  measurements  were 
performed  to  reveal  the  solid  solution  formation  and  evaluate 
their  thermoelectric  properties.  The  methods  of  preparation  and 
measurements  were  described  in  details  elsewhere  [3,4]. 

Experimental  results 

Besides  three  solid  solutions  already  known  in  the  literature, 
CoP3-CoAs3,  RhSb3-IrSb3,  and  CoAs3-CoSb3  [2,5],  a  full 
range  of  solid  solutions  in  the  following  two  systems  was 
found: 

IrSb3-  RuSb2Te 

Fe0.5Nio.5Sb3-  Ruo.5Pdo.5Sb3. 

Partial  solid  solutions  were  also  found  in  the  following  eleven 
systems: 

IrAs3-IrSb3 

CoAs3-IrAs3 

IrSb3-FeosNi0.5Sb3 

CoSb3-IrSb3 

IrSb3-Ru05Pd05Sb3 

CoSb3-RuSb2Te 

The  existence  of  solid  solutions  is  proved  by  lattice  parameter- 
composition  dependencies  followed  by  the  microstructure  and 
microprobe  analyses.  Figs.  1  and  2  show  such  dependencies 
for  three  systems. 

Based  on  experimental  results  achieved  on  binary  skutterudite 
compounds,  lattice  thermal  conductivity  values  in  the  order  of 
about  10  to  15  xlO'3  Wcm^K'1  should  be  obtained  in  order  to 
reach  high  figures  of  merit  for  skutterudite  materials.  Our 


CoSb3-Ruo.5Pdo.5Sb3 

CoSb3-Fe0.5Ni0.5Sb3 

IrSb3-Ru05Pd05Sb3 

CoSb3-FeSb2Te 

FeSb2Te-RuSb2Te 
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results  show  that  alloying  is  an  effective  means  to  reduce  the 
lattice  thermal  conductivity  of  binary  compounds.  Maximum 
reductions  of  lattice  thermal  conductivity  values  obtained 
experimentally  are  presented  in  Table  1  for  some  compositions 
of  several  systems.  The  lattice  thermal  conductivity  values, 
reported  in  Table  1,  were  calculated  using  the  Wiedemann- 
Franz  law  (based  on  electrical  resistivity  and  Seebeck 
coefficient  measurements).  Some  of  the  values  were  increased 
to  account  for  sample  porosity  (in  particular  in  the  CoSb3- 
IrSb3  system). 
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Table  1:  Lattice  thermal  conductivity  values  for  some  solid 
solutions  (10'3W cm^K1) _ _ 


Solid  solution 

Alloy 

1st 

member 

2nd 

member 

(Co  Sb3)096- ( Ir  Sb3)004 

45 

100 

100 

(CoSb3)090-(IrSb3)010 

32 

100 

100 

(CoSb3)088-(IrSb3)012 

29 

100 

100 

(CoAs3)0  98-(CoSb3)002 

57 

140 

100 

(CoSb3)090-(IrAs3)0 10 

25 

100 

145 

(CoSb3)090-(FeSb2Se)010 

31 

100 

- 

(CoSb3)079-(  Fe0  5Ni0  5Sb3)9  21 

35 

100 

30 

(IrSb3)0  90-(RuSb2Te)010 

42 

100 

32 

(Ru0,Pd0,Sb3)05-(Fe05Ni0,,Sb3)tj5 

24 

14 

30 

Lattice  thermal  conductivity  calculations 

The  effect  of  alloy  scattering  on  the  thermal  conductivity  of 
skutterudite  compounds  can  be  evaluated  by  using  the 
theoretical  work  of  Callaway  and  Yon  Baeyer  [6,7].  The 
thermal  conductivity  of  an  alloy,  4alloy,  can  be  calculated  from 
the  experimental  value  obtained  for  the  pure  compound,  4pure, 
as: 


Fig.  1:  Co1_xIrxSb3  lattice  parameter  vs  composition 
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where  0D  is  the  Debye  temperature,  53  is  the  average  volume 
per  atom  in  the  crystal,  vs  is  the  average  sound  velocity,  h  is 
the  Planck’s  constant,  u  is  an  alloy  scattering  scaling 
parameter  and  T  is  the  alloy  scattering  parameter.  Based  on  the 
speed  of  sound  measurements,  the  calculated  values  for  G  for 
several  skutterudites  are  reported  in  Table  2. 


Fig.  2:  Lattice  parameter  variations  as  a  function  of 
composition  for  Feo.5Ni0.5Sb3-based  alloys 

Because  of  the  large  number  of  alloying  possibilities,  we  used 
the  experimental  thermal  conductivity  data  to  perform  some 
theoretical  calculations  on  the  effect  of  alloy  scattering  in 
skutterudites.  The  goal  was  to  predict  the  maximum  possible 
reduction  in  thermal  conductivity  and  help  select  the  most 
promising  systems  for  further  investigations.  The  results  aie 
presented  in  the  following  section. 


To  determine  the  lattice  thermal  conductivity  of  the 
skutterudite  alloys,  the  alloy  scattering  parameter  T  must  now 
be  calculated.  Quaternary  skutterudite  alloys  are  considered  in 
the  following  paragraphs,  with  the  formula  AJ^C^D*  There 
are  only  two  sublattices  present  in  skutterudites:  the  sublattice 
of  the  transition  metal  element  (such  as  Co)  and  the  sublattice 
of  the  pnicogen  element  (such  as  Sb).  Mass  and  volume 
fluctuations  can  occur  on  only  one  sublattice,  such  as  in 
Co1.xIrxSb3,  or  in  FexIr1.x.yNiySb3  alloys,  or  both  sublattices, 
such  as  in  CoI  XIrxSb3.yAsy. 
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Table  2:  Calculation  of  the  G  parameter  for  several 
skutterudite  compounds _ 


d 

vs 

G 

X 

(A) 

(K) 

(x  10s 
cm. s'1) 

(cmK 

W'1) 

(10 3  w 

cm'K1) 

CoSb3 

2.8470 

306.8 

2.935 

408.4 

103 

CoAs3 

2.5846 

425.4 

3.695 

267.4 

140 

IrSb3 

2.9146 

302.7 

2.964 

423.8 

100 

Ruo.sPd0.5Sb3 

2.9281 

267.8 

2.635 

481.2 

14 

RuSb9Te 

2.9211 

268.6 

2.637 

478.6 

32 

The  scattering  parameter  for  each  atom  located  on  one  of  these 
sublattices  can  be  written  as: 


For  the  mass  fluctuation  term: 


IT  =  Iff 


M: 


M 


a; 


(4) 


where  the  average  mass  of  the  atoms  on  the  A  site 

isMA=  Xf [AMiy  fA  representing  the  relative  proportion 
i 

of  each  atom  on  a  particular  site  ( X  fiA  =  1  )• 

i 


For  the  volume  fluctuation  term: 


(5) 


where  the  average  radius  of  the  atoms  on  the  A  site  is 

fA=  if,Ari 

i 


The  parameters  eA,  eB,  ec,  and  eD,  are  adjustable  strain 
parameters,  with  values  typically  of  the  order  of  10  to  100. 
For  skutterudite  alloys,  only  two  different  values  of  the  strain 
parameters  ei5  are  considered,  one  for  the  transition  metal  site, 
£tal,  and  one  for  the  pnicogen  site,  epn. 

The  total  average  mass  for  the  alloy  is: 


cation  and  anion  radii  values  instead  of  the  usual  covalent  radii 
values  is  important  when  calculating  the  alloying  effects  in 
systems  such  as  CoSb3-Fe05Ni0  5Sb3  or  IrSb3-RuSb2Te. 


Table  3:  Atomic  mass  and  ionic  radius  for  the  transition  metal 
and  pnicogen/chalcogen  _ 


Transition 

metal 

Pnicogen/ 

chalcogen 

Ion 

charge 

Mass  (g) 

Radius  (A) 

Fe 

2+ 

55.847 

1.14 

Ru 

2+ 

101.07 

1.26 

Os 

2+ 

190.2 

1.25 

Co 

3+ 

58.9332 

1.07 

Rh 

3+ 

102.905 

1.19 

Ir 

3+ 

192.22 

1.19 

Ni 

4+ 

58.7 

1.15 

Pd 

4+ 

106.4 

1.26 

Pt 

4+ 

195.09 

1.28 

p 

1- 

30.9737 

1.14 

As 

1- 

74.9216 

1.26 

Sb 

1- 

121.75 

1.45 

S 

0 

32.06 

1.1 

Se 

0 

78.96 

1.23 

Te 

0 

127.6 

1.43 

The  strain  parameter  value  for  the  transition  metal  site  is 
calculated  by  considering  experimental  data  obtained  on  several 
CoSb3-rich  CoSb3-IrSb3  alloys.  The  best  match  between 
experimental  and  calculated  values  was  achieved  for  a  value  of 
eto=  398.  The  strain  parameter  value  for  the  pnicogen  site  is 
obtained  by  considering  experimental  data  on  CoSb3-CoAs3, 
CoSb3-IrAs3  and  CoSb3-FeSb2Se  samples.  Because  the  CoSb3- 
CoAs3  and  CoSb3-IrAs3  samples  show  mixed  conduction 
effects  at  room  temperature,  only  an  upper  limit  to  the  lattice 
thermal  conductivity  of  these  alloys  could  be  determined.  The 
extrinsic  (CoSb3)09-(FeSb2Se)0 A  sample  was  used  to  calculate 
a  value  of  epn  =  225. 


M=IPiMi 

i 


(6) 


with  the  atomic  proportion  of  the  A  atoms  in  the  compound 

a 


Pa  = 


a  +  b+  c  +  d 


The  total  alloy  scattering  parameter  is  determined  by: 


r  = 


n 


(7) 


Table  3  lists  the  atomic  mass,  radius  and  charge  of  the  cations 
and  anions  used  in  the  skutterudite  structure.  The  use  of  the 


The  variations  of  the  thermal  conductivity  of  CoSb3-  and 
IrSb3-based  alloys  could  now  be  estimated.  Some  results  of 
our  calculations  are  reported  in  Fig.  3  for  CoSb3  alloys 
(similar  calculations  were  performed  for  IrSb3  alloys  and  some 
ternary-based  compositions).  It  should  be  noticed,  that  Figure 
3  is  drawn  in  assumption  that  solid  solutions  form  up  to  50% 
mol.  of  the  second  component  introduced  into  the  base 
compound  located  at  the  right  hand  of  the  graph.  Several 
conclusions  can  be  drawn  from  these  calculations: 

•  Skutterudite  alloys  with  small  mass  and  volume 
fluctuations  result  in  relatively  small  decrease  in  thermal 
conductivity,  such  as  CoSb3-Fe05Ni05Sb3,  IrSb3-RhSb3 
and  IrSb3-RuSb2Te. 
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•  Alloys  between  ternary  and  binary  skutterudites  do  not 
result  in  lower  thermal  conductivity  values  than  those 
obtained  with  optimum  binary  skutterudite  alloys. 

•  The  lowest  thermal  conductivity  values  are  achieved  for 
alloys  maximizing  mass  and  volume  fluctuations,  such  as 
CoSb3-IrP3,  with  8xl0"3  W  cm^K'1  for  a  50  mol%  alloy. 

The  low  thermal  conductivity  achieved  on  ternary  skutterudite 
compounds  derived  from  binary  compounds  (such  as  RuSb2Te 
and  Ru0  5Pd0  5Sb3  from  RhSb3)  cannot  be  explained  by  mass 
and  volume  fluctuations  alone.  Moreover,  a  complete  range  of 
solid  solutions  exists  between  the  Ru05Pd05Sb3  and 
Fe0  5Ni05Sb3  compounds,  but  the  lattice  thermal  conductivity 
of  50-50  and  75-25  mol%  samples  is  significantly  higher,  not 
lower  as  predicted  from  simple  alloy  scattering,  than  the  value 
obtained  for  Ru0  5Pd0  5Sb3.  This  means  that  other  mechanisms, 
such  as  charge  exchange  between  the  ions,  must  be  considered 
[4]. 


Fig.  3  Effect  of  alloy  scattering  on  the  room  temperature 
lattice  thermal  conductivity  of  CoSb3.  The  symbols  □  and  • 
are  experimental  data  obtained  for  the  systems  1  and  3, 
respectively. 

These  calculations  do  not  take  into  account  the  effect  of 
phonon  scattering  by  charge  carriers.  This  additional  scattering 
is  very  much  apparent  in  heavily  doped  n-type  samples  of 
CoSb3  and  CoSb3-Fe0  5Ni0  5Sb3  which  have  substantially  lower 
thermal  conductivity  values  than  expected. 

These  calculations  must  now  be  further  tested  against 
additional  experimental  data.  In  particular,  some  good  quality 
samples  of  the  best  alloy  compositions  should  be  prepared  and 
measured  to  determine  the  validity  of  the  theoretical  findings. 
However,  based  on  these  preliminary  results  and  considering 
the  impact  of  electron-phonon  scattering,  it  appears  that  a  total 
thermal  conductivity  value  of  15xl0'3  W  cm^K1  or  lower  at 
room  temperature  might  be  achieved  for  an  optimal 
skutterudite  alloy,  with  an  electrical  resistivity  of 
lxlO'3  LLcm  and  a  doping  level  between  1019  cm'3  and 
1020  cm'3.  Considering  the  attractive  electrical  properties  of 


these  materials,  the  possibility  of  obtaining  such  a  low  lattice 
thermal  conductivity  indicates  that  the  study  of  alloying  effects 
on  skutterudites  should  be  pursued. 

To  illustrate  the  potential  of  heavily  doped  CoSb3-based  solid 
solutions,  the  improvement  in  ZT  over  current  heavily  doped 
CoSb3  samples  (Pd-  or  Te-doped)  is  plotted  on  Fig.  4.  The 
graph  shows  that  the  optimum  CoSb3-based  solid  solution 
could  reach  a  ZT  value  of  1.75  at  600°C,  a  considerably  higher 
value  that  obtained  for  state  of  the  art  thermoelectric  materials. 
This  value  was  calculated  assuming  a  thermal  conductivity  of 
15x1  O'3  W  cm^K1  and  that  there  will  not  be  any  significant 
deterioration  of  the  electrical  properties  compared  to  heavily 
doped  n-type  CoSb3  samples.  Indeed,  considering  the  high 
doping  levels  required  in  n-type  samples,  it  is  likely  that  the 
carrier  mobility  of  the  alloy  will  only  decrease  a  little 
compared  to  n-type  CoSb3. 


Fig.  4:  Calculated  improvement  in  ZT  as  a  function  of 
temperature  for  heavily  doped  n-type  CoSb3-based  solid 
solutions 

Sources  of  new  skutterudite  solid  solutions 

Skutterudites  were  discovered  last  century  by  geologists 
looking  for  sources  of  elements  on  the  earth.  Large  Seebeck 
coefficients  have  been  measured  on  synthetic  skutterudites 
several  years  ago.  In  the  meantime,  some  of  the  natural 
skutterudites  such  as  arsenides  as  well  as  phosphides  have  been 
synthesized.  The  diagram  shown  on  Fig.  5  [8]  depicts  a 
skutterudite  group  of  minerals  available  in  the  nature  and  based 
on  a  mixture  of  CoAs3,  NiAs3  and  FeAs3  compounds  (the 
existence  of  the  latter  has  not  been  proven). 

All  minerals  (skutterudites,  smaltites  and  chloanthites)  are 
solid  solutions  with  a  similar  crystal  structure.  As  can  be 
replaced  by  Sb  and  P,  widening  the  number  of  possible  solid 
solutions.  Thus,  the  huge  number  of  solid  solutions  with  a 
skutterudite  structure  is  available  for  researchers.  No  doubts, 
part  of  these  materials  are  semiconductors  with  the  possibility 
of  attractive  thermoelectric  properties. 
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NiAs3 

Fig.  5:  Skutterudite  group  of  minerals  (compositions  ate 

idealized) 

Conclusions 

•  Thirteen  quasibinary  systems  have  been  studied:  two  were 
found  to  form  solid  solutions  with  full  range  of  solubility 
and  eleven  with  partial  solid  solubility. 

•  Significant  reduction  in  thermal  conductivity  of  binary 
compounds  was  achieved  by  solid  solution  formation. 

•  Theoretical  calculation  of  lattice  thermal  conductivity  for 
different  systems  of  skutterudite  solid  solutions,  at  room 
temperature,  was  performed,  and  the  lowest  possible 
thermal  conductivity  value  of  about  8xl0'3  WcnCK1  was 
predicted  for  the  CoSb3-IrP3  system. 

•  Many  more  solid  solutions  within  skutterudite  group  of 
materials  are  available  for  evaluation  of  their 
thermoelectric  properties. 


Acknowledgments 

The  work  described  in  this  paper  was  earned  out  at  the  Jet 
Propulsion  Laboratory/Califomia  Institute  of  Technology, 
under  contract  with  the  National  Aeronautics  and  space 
administration.  The  authors  would  like  to  thank  Danny  and 
Andy  Zoltan  for  thermoelectric  property  measurements,  Jim 
Kulleck  for  x-ray  diffractometry,  Paul  Carpenter  for 
microprobe  analysis  and  Yoseph  Bar-Cohen  for  sound  velocity 
measurements. 

References 

1.  T.  Caillat,  A.  Borshchevsky,  J-P.  Fleurial,  Proc.  12th 
Int.  Conf.  on  Thermoelectrics,  Yokohama,  Japan,  1994, 
p.p.  132-136  (Inst,  of  Electrical  Engineers  of  Japan) 

2.  G.  A.  Slack,  V.  G.  Tsoukala,  J.  Appl.  Phys.  76,  1665 
(1994) 

3.  A.  Borshchevsky,  J.-P.  Fleurial,  E.  Allevato,  T.  Caillat, 
American  Institute  of  Physics,  Conf.  Proc.  316,  p.  3 
(Xm  Int.  Conf.  on  Thermoelectrics,  Kansas  City,  MO, 
1994),  1995 

4.  T.  Caillat,  J.  Kulleck,  A.  Borshchevsky,  J.-P.  Fleurial,  J. 

Appl.  Physics  79,  11 . (1996) 

5.  H.  D.  Lutz  and  G.  Kliche,  J.  Solid  State  Chemistry  40, 
64(1981) 

6.  J.  Callaway  and  H.  C.  Baeyer,  Phys.  Rev.  120,  1149 
(1960) 

7.  G.  A.  Slack,  private  communication 

8.  A.  A.  Godovikov  "Mineralogy",  Moscow,  publ.  house 
"Nedra",  1975,  p.l  12  (in  Russian) 


116 


15th  International  Conference  on  Thermoelectrics  (1996) 


Thermoelectric  Properties  of  CoSb3  Prepared  by  Copper  Mold  Quenching  Technique 


Hamazo  Nakagawa1,  Hisao  Tanaka1,  Akio  Kasama1,  Kou  Miyamura1,  Hiroki  Masumoto1  and  Kakuei  Matsubara2 


1  Japan  Ultra-high  Temperature  Materials  Research  Institute, 
Okiube  573-3,  Ube  City,  Yamaguchi  Prefecture  755,  JAPAN 
2  Science  University  of  Tokyo  /  in  Yamaguchi, 

1-1-1  Daigaku-Dori,  Onoda  City,  Yamaguchi  Prefecture  756,  JAPAN 


Abstract 

A  novel  technique  to  prepare  CoSb3  materials  on  a  mass 
production  level  was  studied.  Co  and  Sb  were  melted  together 
in  an  alumina  crucible  at  1373K,  and  cast  in  a  copper  mold  to 
solidify  the  melts.  The  obtained  alloyed  ingots  consist  of 
mainly  three  phases  of  CoSb3,  CoSb  and  Sb.  To  react  Sb  with 
CoSb2  and  get  a  CoSb^  single' phase,  the  ingots  were  annealed  at 
823-1 073K.  During  the  heat  treatment,  Sb  and  CoSb  phases 
changed  to  CoSb3  phases  and  voids.  The  obtained  CoSb3 
samples  show  n-type  thermoelectric  properties.  Some  factors 
affecting  the  properties,  for  example,  Sb/Co  atomic  ratio, 
impurity  content  and  density  are  discussed,  based  on  the 
experimental  data  by  X-ray  diffractmetry,  optical  microscopy, 
EPMA,  chemical  analysis  and  so  on.  On  the  other  hand,  an 
ingot  was  ground,  mechanically  alloyed  and  hot-pressed.  The 
hot-pressed  samples  show  p-type  thermoelectric  properties. 
Moreover,  mechanical  alloying  is  effective  to  reduce  the 
thermal  conductivity  by  refining  the  crystal  grain  size  of  CoSb3. 
As  a  result,  ZT  value,  0.10  was  obtained  at  a  temperature  of 
669K. 

1.  Introduction 

CoSb3  and  its  doped  alloys  have  recently  been  identified  as 
promising  candidates  for  advanced  thermoelectric  materials[l]. 

T.  Caillat  et  al.  [2]  have  grown  CoSb3  single  crystals 
successfully  using  the  gradient  freeze  technique  from  melts 
with  93at.%Sb  in  sealed  quartz  ampoules.  The  Co-Sb  phase 
diagram  [3]  shows  that  CoSb3  single  crystals  can  only  be  grown 
from  Sb  rich  melts  between  90  to  97  at.%Sb.  Although  fully 
dense  and  high  quality  CoSb3  can  be  obtained  by  the  gradient 
freeze  technique,  it  is  not  practical  way  because  the  yield  of 
CoSb3  single  crystals  is  very  low  and  the  thermoelectric 
properties  are  not  constant  in  the  growing  direction  of  the 
process. 

An  other  method  of  preparing  CoSb3  is  the  powder 
processing  of  raw  materials  of  Sb  and  Co  powders.  J.  W.  Sharp 
et  al.  [4]  heated  stoichiometric  mixtures  of  Sb  and  Co  powders 
in  evacuated  fused  silica  ampoules  at  873-973K  for  two  to  three 
days.  Following  the  powder  reaction,  3/4-in.-diam  pellets  were 
formed  by  hot-pressing  (107Pa,  873-973K),  or  cold-pressing 
(107  Pa)  and  sintering  at  973K.  The  hot-pressed  CoSb3  showed 
n-type  thermoelectric  properties.  On  the  other  hand,  cold- 
pressed  and  sintered  CoSb3  had  p-type  thermoelectric 
properties.  They  mentioned  that  the  reason  why  the  hot-pressed 
samples  showed  n-type  thermoelectric  properties  was  a  slight 
Sb  deficiency  from  the  stoichiometry  of  CoSbv  However,  it  is 
not  clear. 

In  our  studies,  we  aim  to  make  clear  the  reason  why  some 
CoSb3  materials  show  n-type  conduction  behaviors.  The  reason 
was  supposed  to  be  related  to  a  processing  method.  During  the 
powder  processing,  samples  are  easy  to  be  contaminated 
especially  by  oxygen  and  milling  materials.  We  chose  an 
annealing  method  of  solidified  alloyed  ingots.  We  believe  the 


method  is  more  suitable  for  mass  production  than  the  gradient 
freeze  technique,  and  the  obtained  materials  by  the  method  are 
less  contaminated  by  oxygen  and  so  on  than  by  the  powder 
processing. 

2.  Experimental  procedure 

2.1  Sample  preparation 

High  purity  Sb  ingots  (99.999%)  and  Co  flakes  (99.9%) 
were  used  as  raw  materials.  They  were  placed  in  an  alumina 
crucible  in  the  various  Sb/Co  atomic  ratios  from  2.6  to  3.4,  and 
heated  up  to  1373K  in  an  induction  furnace  for  the  melting  Sb 
and  Co  together  in  an  Ar  atmosphere.  After  the  melts  were  kept 
for  5  minutes  at  the  maximum  temperature  to  make  sure  the 
homogeneity,  the  melts  were  poured  into  a  copper  mold  for  the 
solidification.  After  the  1mm  thickness  surface  layers  of  the 
solidified  alloyed  ingots  were  removed,  they  were  cut  into 
pieces,  which  were  annealed  at  823-1073K  for  20-100h  in  a 
covered  alumina  crucible  in  Ar.  The  annealed  samples  were  cut 
into  several  pieces  for  the  characterization.  Especially,  the 
samples  for  thermoelectric  property  measurements  were  cut 
from  the  middle  of  the  materials. 

After  an  Sb-rich  Co-Sb  alloy  was  crushed  with  an  stamp 
mill  under  the  size  of  2mm,  the  granules  were  put  in  a  stainless 
steel  vessel  and  mechanically  alloyed  using  steel  arms  and  steel 
balls  for  lOh.  The  mechanically  alloyed  powders  were 
recovered  as  a  slurry  in  hexane  to  prevent  a  surface  oxidation  of 
powders.  After  the  hexane  was  removed  from  the  slurry  in  an 
Ar  atmosphere,  the  powders  were  hot-pressed  at  823K  for  lOh 
at  a  pressure  of  29MPa  in  Ar.  During  the  hot  pressing,  samples 
were  enveloped  by  graphite  foil.  The  surfaces  of  the  hot- 
pressed  samples  were  removed  and  cut  into  several  pieces  for 
the  characterization  and  the  thermoelectric  property 
measurements. 

2.2  Sample  characterization 

Cross  sections  of  the  samples  were  polished  and  examined 
by  optical  microscopy  and  EPMA.  To  determine  those  crystal 
grain  size,  they  were  etched  with  cone,  nitric  acid  before  the 
observation.  And  the  samples  were  ground  and  the  crystal 
phases  were  analyzed  by  powder  X-ray  diffractmetry.  Densities 
of  the  samples  were  calculated  from  the  size  and  the  mass.  And 
also,  impurity  contents  and  Sb/Co  atomic  ratios  were 
determined  by  chemical  analysis. 

2.3  Thermoelectric  property  measurement 

Electrical  resistivity  and  Seebeck  coefficient  were 
measured  simultaneously  using  ULVAC  ZEM-1  at  room 
temperature  to  700K  in  He.  Thermal  conductivity  was 
calculated  from  the  thermal  diffusivity,  the  specific  heat 
capacity  and  the  density.  The  thermal  diffusivity  was  obtained 
by  the  laser  flash  measurements  on  ULVAC  TC-7000  at  room 
temperature  and  669K  in  vacuum.  And  the  specific  heat 
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capacity  was  measured  using  PERKIN  ELMER  DSC7  at  room 
temperature  to  723K  in  a  nitrogen  atmosphere.  The  specific 
heat  capacity  at  283K  was  determined  by  extrapolation  method. 

3.  Results  and  discussion 

3.1  Annealing  of  alloyed  ingots 
3.1.1  Characterization 

The  X-ray  diffraction  patterns  of  the  alloyed  ingots  before 
the  annealing  with  various  Sb/Co  atomic  ratios  between  2.6  and 
3.4  are  shown  in  Fig.l.  From  the  Fig.l,  we  can  see  that  every 


Fig.l.  X-ray  diffraction  patterns  of  the  alloyed  CoSb. 
before  the  annealing  with  various  Sb/Co  atomic  ratios 
00. 


sample  has  CoSb  and  Sb  phases  besides  CoSb3  phases.  After 
the  annealing  of  tne  samples  at  823K  for  100h,'CoSb2  and  Sb 
phases  disappear  in  Sb-rich  and  Co-rich  alloys,  respectively,  as 
shown  in  the  X-ray  diffraction  patterns  in  Fig. 2.  And  the 
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Fig.2.  X-ray  diffraction  patterns  of  the  annealed  CoSbx 
at  823K  for  lOOh  with  various  Sb/Co  atomic  ratios  (x). x 


samples  with  near  the  stoichiometric  ratio  of  CoSb3  do  not  show 
the  X-ray  diffraction  patterns  of  CoSb2  and  Sb  phases.  We 
calculated  the  volume  percentages  of  the  CoSb3,  CoSb2  and  Sb 
phases  for  each  Sb/Co  atomic  ratio  of  the  annealed  samples.  In 
the  case,  it  is  supposed  that  only  two  phases  among  CoSb3, 
CoSb2  and  Sb  exist  in  the  samples.  Theoretical  densities  of 
CoSb3,  CoSb2  and  Sb  used  for  the  calculation  are  7.69,  8.337 
and  6.618  respectively.  Table  1  shows  the  calculated  results  of 


Table  1.  Calculated  results  of  the  volume 
percentages  of  the  CoSb3,  CoSb2  and  Sb  phases  for 
the  various  Sb/Co  atomic  ratios. 


Sb/Co  atomic 

ratio 

Volume  percentage  (%) 

CoSb3 

CoSb  2 

Sb 

3.40 

88.2 

0 

11.8 

3.20 

93.7 

0 

6.3 

3.05 

98.4 

0 

1.6 

3.01 

99.7 

0 

0.3 

2.95 

96.7 

3.3 

0 

2.80 

85.9 

14.1 

0 

2.60 

69.5 

30.5 

0 

the  volume  percentages  of  the  CoSb3,  CoSb  and  Sb  phases  for 
the  various  Sb/Co  atomic  ratios.  Those  calculated  values  are 
fairly  close  to  the  analytical  results  by  EPMA. 

Fig.3  shows  the  optical  micrographs  of  before  and  after  the 
annealing  at  823K  for  lOOh  of  alloyed  ingots  with  the  Sb/Co 
atomic  ratio  of  3.05.  Before  the  annealing,  the  sample  is  dense 


Fig.3.  Optical  micrographs  of  (a)  as-cast  CoSb  and  (b) 
annealed  CoSb3()5  at  823K  for  lOOh. 
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and  consists  of  three  regions  of  white,  gray  and  dark  colors, 
which  are  Sb,  CoSb3  and  CoSb  phases  respectively.  After  the 
annealing,  lots  of  pores  and  CoSb3  phases  are  observed,  but  Sb 
and  CoSb2  phases  are  not  found!  Only  small  amounts  of  Sb 
phases  are  detected  by  EPMA.  In  Fig.4,  the  densities  of  the 
annealed  samples  are  compared  with  as-cast  samples.  We 


Fig.4.  Density  of  as-cast  CoSb  and  annealed  CoSb  at 
823K  for  lOOh,  as  a  function  of  atomic  ratio  (x)  of  Sb/fco. 


suppose  that  the  reason  why  the  density  decrease  durin°  the 
anting  is  the  largest  in  the  sample  near  the  stoichiometric 
Sb/Co  atomic  ratio  is  because  the  amount  of  Sb  and  CoSb  to 
react  are  the  largest  in  the  sample.  The  reaction  of  Sb  with 
CoSb2  may  cause  to  decrease  the  density. 

The  oxygen  contents  of  all  samples  were  less  than  140  ppm 
We  think  the  oxygen  content  of  140  ppm  is  low  enough,' 
because  the  more  than  lOOOppm  oxygen  is  contained  in  the 
samples  by  the  powder  processing  usually.  Other  impurities 
detected  are  Fe  of  40ppm,  Ni  of  1  Oppm,  Cu  of  40ppm  and  Si  of 
80ppm. 


3.1.2  Thermoelectric  properties 
In  Figs. 5  and  6,  Seebeck  coefficient  and  electrical 
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Fig. 5.  Seebeck  coefficient  as  a  function  of  temperature 
for  the  CoSbx  samples  with  various  Sb/Co  atomic  ratios 
(x),  which  were  annealed  at  823K  for  lOOh. 


Fig. 6.  Electrical  resistivity  as  a  function  of  temperature 
for  the  CoSbx  samples  with  various  Sb/Co  atomic  ratios 
(x),  which  were  annealed  at  823K  for  lOOh. 


resisiti vity  as  a  function  of  temperature  are  shown  for  the 
samples  with  various  Sb/Co  atomic  ratios,  which  were  annealed 

at^8?A?uf0r  \°°h  in  Ar*  The  samPle  with  the  Sb/Co  atomic  ratio 
ot  3.05  has  the  largest  negative  Seebeck  coefficient  at  a  room 
temperature  and  the  largest  positive  Seebeck  coefficient  at 
600K.  The  deviations  from  the  stoichiometric  Sb/Co  atomic 
ratio  of  CoSb3  are  larger,  Seebeck  coefficients  are  smaller.  And 
there  is  a  same  tendency  in  the  electrical  resistivity,  as  shown  in 
Fig  6.  The  sample  with  the  Sb/Co  atomic  ratio  of  3.05  show  the 
highest  resistivity  at  a  whole  temperature  range  measured. 

Figs.7  and  8  show  the  Seebeck  coefficient  and  the  electrical 
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Fig. 7.  Seebeck  coefficient  as  a  function  of  temperature  of 
the  samples  with  the  Sb/Co  atomic  ratio  of  3.05,  which 
were  annealed  at  the  various  temperatures  of  823-1073K 
for  20-100h. 
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Fig. 8.  Electrical  resistivity  as  a  function  of 
temperature  of  the  samples  with  the  Sb/Co  atomic 
ratio  of  3.05,  which  were  annealed  at  the  various 
temperatures  of  823-1073K  for  20-100h. 


Hot-pressed  samples  from  the  mechanically  alloyed 
powder  have  Sb  phases  besides  CoSb3  phases,  which  were 
analyzed  by  X-ray  diffractmetry.  And  that  the  samples  are 
constituted  by  CoSb3  and  Sb  crystal  grains  with  the  size  of 
submicrons  to  several  microns  is  shown  by  optical  microscopy 
and  EPMA.  And  also,  an  Sb/Co  atomic  ratio  ia  determined  by 
chemical  analysis  to  be  3.39.  The  samples  have  the  density  of 
6.97g/cm3  and  contain  1800ppm  oxygen. 


3.2.3  Thermoelectric  Properties 
Seebeck  coefficient  and  electrical  resistivity  of  the  hot- 
pressed  sample  as  a  function  of  temperature  are  shown  in  Fig.9. 


Fig.9.  Seebeck  coefficient  and  electrical  resistivity  of 
the  mechanically  alloyed  and  hot-pressed  sample  as  a 
function  of  temperature. 


resistivity  as  a  function  of  temperature  when  the  samples  with 
the  Sb/Co  atomic  ratio  of  3.05  were  annealed  at  the  various 
temperatures  of  823-1073K  for  20-100h.  The  Seebeck 
coefficients  and  the  electrical  resistivities  change  greatly 
depending  on  the  heat  treatment  conditions,  although  the  X-ray 
diffraction  patterns  are  almost  same.  Higher  oxygen  contents  in 
the  materials  make  the  electrical  resistivities  higher,  but  we  can 
not  explain  the  change  of  Seebeck  coefficients  only  by  the 
oxygen  content.  And  the  contents  of  other  impurities  are  not 
dominant  factors  because  those  are  supposed  to  be  almost  same 
in  spite  of  the  heat  treatment  conditions.  There  are  slight 
correlations  between  the  densities  and  the  Seebeck  coefficients 
or  the  electrical  resistivities.  In  other  words,  the  samples  with 
low  densities  have  large  negative  Seebeck  coefficients  and  hig 
electrical  resistivities.  Defects  may  be  created  in  the  sample, 
when  the  density  changes  during  the  annealing.  Deviations 
from  the  stoichiometry  of  the  CoSb3  phase  may  happen  and  be 
different  depending  on  the  annealing  conditions.  We  are  now 
analyzing  the  Sb/Co  atomic  ratios  of  CoSb3  phases  by  EPMA  in 
the  samples  annealed  at  the  various  conditions,  and  trying  to 
prove  the  factors  to  change  the  thermoelectric  properties. 

3.2  Mechanical  alloying  and  hot-pressing 

3.2.1  Properties  of  mechanically  alloyed  powder 
The  mechanically  alloyed  powder  from  the  Sb-rich  Co-Sb 

alloy  has  a  particle  size  of  several  microns,  which  may  contain 
agglomerates.  And  the  powder  contains  oxygen  of  2900ppm, 
Fe  of  1 500ppm,  A1  of  80ppm  and  Ni  of  70ppm  as  the 
impurities.  Most  of  the  Ni  atoms  are  from  the  raw  material  of 
Co.  Oxygen,  Fe  and  A1  are  contaminations  during  the  crushing 
and  the  mechanical  alloying.  X-ray  diffractmetry  shows  broad 
CoSb  ,  CoSb2  and  Sb  peaks,  which  mean  alloying  of  those 
phases  proceeds  during  the  mechanical  alloying. 

3.2.2  Characterization  of  hot-pressed  samples 


This  material  shows  p-type  conduction.  Although  the  Seebeck 
coefficients  are  not  high  enough  compared  to  the  value  by  T. 
Caillat  et  al.  [2]  and  J.  W.  Sharp  et  al.  [4],  electrical  resistivity  is 
lower  than  J.  W.  Sharp  et  al.  [4].  Especially,  thermal 
conductivity  at  room  temperature  is  reduced  significantly 
compared  to  the  annealed  samples,  as  shown  in  Fig.  10.  The 


Fig.  10.  Thermal  conductivity  at  283K  of  the 
mechanically  alloyed  and  hot-pressed  sample  compared 
with  the  annealed  samples  with  various  Sb/Co  atomic 
ratios. 


annealed  samples  have  the  densities  of  6.6  to  7.1,  which  are 
comparable  with  the  density  of  the  hot-pressed  sample.  Oxygen 
contents  of  those  annealed  samples  are  between  10  and  20ppm. 
Thermal  conductivity  of  the  hot-pressed  sample  at  a 
temperature  of  669K  is  3.94W/m-K.  Using  this  value,  ZT  value 
0.10  is  obtained  at  669K. 
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4.  Conclusions 

CoSb3  materials  can  be  obtained  by  the  annealing  of  the 
alloyed  ingots  from  the  melts  of  Co  and  Sb.  Although  those 
materials  consist  of  a  single  CoSb3  phase  from  the  X-ray 
diffractmetry  results,  they  show  n-type  conduction.  During  the 
annealing,  densities  of  the  materials  decrease,  which  may  cause 
some  defects  in  the  samples.  We  are  now  trying  to  analyze  the 
CoSb3  phases  in  the  annealed  samples  more  precisely  by 
EPMA. 

The  ingot  obtained  from  the  melt  was  mechanically  alloyed 
and  the  alloyed  powder  was  hot-pressed.  The  hot-pressed 
materials  show  p-type  conduction  behavior.  Moreover, 
mechanical  alloying  is  very  effective  to  reduce  the  thermal 
conductivity  by  refining  the  crystal  grain  size  of  CoSb3.  At  a 
temperature  of  669K,  ZT  value  of  0.10  was  obtained. 
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Abstract 

Recent  awareness  of  the  transport  properties  of 
Skutterudite  pnictides  has  stimulated  an  interest 
in  numerous  other  intermetallic  compounds 
having  a  gap  in  the  density  of  states  at  the  Fermi 
level  including  the  MNiSn  compounds  where 
M=(Ti,  Zr,  Hf).  These  intermetallic  ‘half- 
Heusler’  compounds  are  characterized  by  high 
Seebeck  coefficients  (-150  to  -300  pV/deg.)  and 
reasonable  carrier  mobilities  (30  to  50  cm2/V-s) 
at  room  temperature  which  make  them  attractive 
candidates  for  intermediate  temperature 
thermoelectric  applications.  Samples  of  TiNiSn 
were  prepared  by  arc  melting  and  homogenized 
by  heat  treatment.  The  temperature  dependence 
of  the  electrical  resistivity,  Seebeck  coefficient, 
and  thermal  diffusivity  of  these  samples  was 
characterized  between  22°C  and  900°C.  The 
electrical  resistivity  and  thermopower  both 
decrease  with  temperature  although  the 
resistivity  decreases  at  a  faster  rate.  Electrical 
power  factors  in  excess  of  25  pW/cm-°C2  were 
observed  in  nearly  single  phase  alloys  within  a 
300  to  600°C  temperature  range.  A  brief  survey 
of  other  selected  ternary  intermetallic 
compounds  is  also  presented. 

Introduction 

The  search  for  new  thermoelectric 
materials  is  shifting  from  binary  to  ternary  and 
higher  order  compounds.  While  at  least  one 
transport  parameter  is  known  about  most 
(~  85%)  of  the  4,000  experimentally  known 
binary  alloys,  this  figure  drops  to  only  -5%  of 
the  161,700  ternary  alloys.  In  other  words,  there 
are  some  153,000  compounds  that  are  essentially 
unknown  in  terms  of  structure  and  properties. 
Several  recent  studies  of  the  transport  properties 
of  an  interesting  class  of  ternary  intermetallic 


compounds  such  as  MNiSn  (M  =  Ti,  Zr,  Hf) 
have  shown  that  these  compounds  crystallize  in 
the  MgAgAs  structure  and  are  characterized  by 
the  existence  of  a  gap  or  pseudo-gap  in  the 
density  of  states  at  the  Fermi  level  [1,2, 3, 4]. 
This  feature  makes  them  attractive  candidates  for 
a  survey  of  thermoelectric  properties  because  the 
gap  gives  rise  to  semiconducting-like  transport 
properties.  The  most  intriguing  property  from  a 
thermoelectric  viewpoint  is  that  of  a  large  room 
temperature  thermopower,  on  the  order  of  -300 
pV/°C.  Of  the  three  primary  macroscopic 
quantities  that  affect  a  material’s  figure  of  merit 
(electrical  conductivity,  thermopower,  and 
thermal  conductivity),  the  thermopower  is 
probably  the  most  difficult  to  predict  a  priori  and 
also  to  engineer.  Therefore,  a  good  starting 
point  for  a  systematic  search  for  high  figure  of 
merit  materials  are  high  metal  content 
compounds  having  large  thermopowers,  as  is  the 
case  for  TiNiSn.  While  the  dimensionless  figure 
of  merit  of  TiNiSn  itself  is  unlikely  to  exceed 
that  of  conventional  materials,  a  good 
understanding  of  the  transport  properties  of  this 
interesting  compound  is  expected  to  provide 
insight  into  the  feasibility  of  similar  ternary 
compounds  through  substitutional  alloying. 
Previous  studies  have  investigated  substitutions 
for  the  Group  IVA  transition  metal  [5]  and  for 
the  Group  VIII A  transition  metal  [6].  Other 
systematics  remain  unexplored.  Little  published 
data  exists  on  the  orthorhombic  TiNiSi  and 
TiNiGe  compounds.  Although  strictly  not 
Heusler  alloys,  these  systems  may  provide  useful 
information  on  the  differences  between 
intermetallic  compounds  with  and  without  a  gap. 
While  alloy  theory  predicts  limited  solubility  for 
Si  or  Ge  in  TiNiSn,  the  extent  of  solid  solubility 
as  a  substitutional  replacement  for  tin  and  the 
effect  on  the  band  structure  and  the 
thermoelectric  properties  remains  unknown. 
Other  ternary  compounds  are  known  to 
crystallize  in  the  MgAgAs  structure  [7],  such  as 
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the  RPtSb  where  R=  heavy  lanthanide  element 
and  may  be  of  interest  as  thermoelectric 
materials.  Furthermore,  it  is  hoped  that  the 
results  of  this  research,  coupled  with  that  of 
other  laboratories,  will  motivate  subsequent 
investigations  into  the  myriad  of  ternary 
intermetallic  compounds  having 

semiconducting-like  transport  properties. 


coefficient  of  their  samples  after  land  4  weeks  at 
800°C  is  presented  and  discussed  later. 

TiNiSi  samples  were  also  prepared  for 
this  survey  by  arc  casting  and  heat  treating. 
Dramatic  differences  between  the  cubic  Sn  and 
the  orthorhombic  Si  compounds  were  observed. 

Results  and  Discussion 


Experimental  Details 

Stoichiometric  quantities  of  Ti,  Ni,  and 
Sn  were  weighed  out  and  arranged  on  a  water- 
cooled  copper  hearth.  Arc  melting  was 
accomplished  by  first  melting  the  Ni  and  Sn 
together  and  then  adding  the  Ti  to  form  a  smooth 
button.  The  button  was  turned  over  six  times 
and  remelted  before  arc-casting  into  a  rod.  The 
as-cast  rod  was  sectioned  for  metallography  and 
Hall  coefficient  measurements.  The  remainder 
of  the  rod  was  wrapped  in  Ta,  sealed  in  quartz, 
and  heat  treated  at  840°C  for  3  weeks.  Another 
set  of  samples  was  cut  for  metallography  and 
Hall  coefficient  from  the  heat  treated  rod  and  a 
portion  of  the  remainder  was  subjected  to  a  final 
heat  treatment  of  950°C  for  a  period  of  2  weeks. 
No  discoloration  on  the  inner  surface  of  the 
quartz  was  observed  nor  was  there  any  noticable 
change  in  the  ductility  of  the  Ta  wrapping.  X- 
ray  diffraction  patterns  of  the  samples  were 
obtained  with  an  automated  powder 
diffractometer  using  Cu  Ka  radiation.  Disk¬ 
shaped  samples  were  characterized  for  their 
electrical  properties  at  room  temperature  by  a 
Hall  effect  measurement.  Following  Hall  effect 
measurement,  the  disks  were  sectioned  into 
rectangular  parallelepiped-shaped  bars  and 
instrumented  for  electrical  resistivity  and 
Seebeck  coefficient  measurements  from  22°C  to 
900°C.  The  measurement  procedures  are 
described  in  a  previous  publication  [8]. 

Two  samples  were  prepared  at  the 
University  of  Virginia  by  a  similar  arc  casting 
procedure.  These  samples  were  subsequently 
heat  treated  at  800°C  for  various  amounts  of  time 
as  described  in  a  previous  publication  [9].  In 
their  paper,  values  of  the  room  temperature 
Seebeck  coefficient,  electrical  resistivity,  and 
thermal  conductivity  were  shown  after  annealing 
for  up  to  6  weeks.  The  temperature  dependence 
of  the  electrical  resistivity  and  Seebeck 


I.  Samples  prepared  at  Ames  Laboratory: 
Metallographic  results  showed  the  as-cast 
TiNiSn  sample  to  be  multiphase  with  clearly 
observed  dendritic  segregation,  as  shown  in  Fig. 
1.  The  amount  of  segregation  decreased  upon 
application  of  a  3  week  heat  treatment  at  840°C 
and  a  subsequent  2  week  heat  treatment  at  950°C 
as  shown  in  Figs.  2  and  3,  respectively,  albeit  the 
material  remained  multiphased.  The  material 
was,  however,  clearly  more  homogeneous 
following  the  950°C  heat  treatment,  which  gave 
rise  to  improved  electrical  properties  as  shown 
below. 


Fig.  1.  Microstructure  of  as-cast  and  electropolished 
TiNiSn  (250X) 
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Fig.  2.  Microstructure  of  TiNiSn  after  3  week  heat 
treatment  at  840°C  (250X) 
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Fig.  3.  Microstructure  of  TiNiSn  after  3  week  heat 
treatment  at  840°C  (Fig.  2)  followed  by  an  additional 
2  week  heat  treatment  at  950°C  (250X) 

A  small  amount  of  material  was  removed  from 
the  2  week  at  950°C  heat  treatment  sample  and 
ground  for  evaluation  by  X-ray  diffraction.  The 
pattern  is  reproduced  in  Fig.  4. 


Fig.  4.  X-ray  Diffraction  Pattern  of  TiNiSn  Prepared 
by  Arc  Melting  and  Annealed  for  2  Weeks  at  950°C 

All  reflections  can  be  indexed  to  a  face  centered 
cubic  lattice  and  the  amount  of  second  phase  is 
apparently  less  than  five  percent.  The  lattice 
parameter  was  determined  to  equal  0.5930  nm 
using  a  Nelson-Riley  extrapolation  routine, 
giving  reasonable  agreement  with  values 
reported  by  other  researchers.  In  fact,  the  U.  of 
Virginia  group  reported  a  lattice  parameter  of 
0.5941  nm  on  their  samples  using  different 
starting  materials,  a  different  heat  treatment,  and 
a  different  diffractometer.  A  summary  of  the 
room  temperature  electrical  properties  of  some 
of  these  alloys  is  provided  in  Table  I.  The 
differences  in  the  conduction  mechanism 
between  the  semiconductor-like  TiNiSn  and 
semimetallic  TiNiSi  is  obvious.  From  the  slope 
of  the  intrinsic  conductivity  (see  below)  the 


magnitude  of  the  energy  gap  of  TiNiSn  is 
estimated  from  a  =  a0exp(-Q/kT)  to  be  on  the 
order  of  0.1  to  0.2  eV.  However,  the  TiNiSi, 
crystallizing  in  an  orthorhombic  structure,  shows 
no  evidence  of  a  gap. 

Table  I.  Room  Temperature  Electrical 
Properties  of  TiNiX  Alloys 
(X-Si  or  Sn) 


Sample 

p  (mQ-cm) 

n(xlO,5cm°) 

p  (cnT/V-s) 

TiNiSn  IHT 

14.8 

8.0 

53.0 

TiNiSn  IIHT 

11.4 

15.0 

36.7 

TiNiSi  as  cast 

0.98 

3140 

2.0 

TiNiSi  HT 

0.68 

2670 

n  •  r\Q irrrT  _  ^  . 

3.4 

note:  IHT  -  3  weeks  at  840°C,  IIHT  =  2  weeks  at 

950°C 

TiNiSi  HT  refers  to  12  days  at  1 100°C 


A  usable  thermoelectric  material  is  generally 
expected  to  have  a  band  gap  of  at  least  5kT, 
which,  at  300K  has  a  value  of  0.1 3eV.  TiNiSn, 
which  is  intrinsic  above  room  temperature,  only 
marginally  satisfies  this  requirement. 
Nonetheless,  this  material  displays  interesting 
electrical  properties  within  the  intrinsic 
conduction  regime.  The  high  temperature 
electrical  resistivity,  p,  Seebeck  coefficient,  S, 
and  power  factor,  S2/p,  of  two  TiNiSn  alloys  arc 
melted  at  Ames  and  subsequently  annealed  are 
shown  in  Fig.  4. 


Open  symbols  -  sample  I 
Filled  symbols  ~  sample  II 
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Figure  4.  Electrical  resistivity,  Seebeck  coefficient, 
and  power  factor  of  arc  melted  and  annealed  TiNiSn. 
Sample  I  =  3  week  heat  treatment  at  840°C, 
Sample  II  =  Sample  I  +  additional  2  week  heat 
treatment  at  950°C. 

Both  samples  display  qualitatively  similar 
electrical  behavior  although  the  resistivity  of  the 
material  which  had  been  heat  treated  at  950°C  is 
lower  than  that  of  the  corresponding  sample  heat 
treated  at  840°C.  This  seems  reasonable 
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Seebcck  coefficient  (pV/  »C) 


considering  that  a  more  homogeneous 
microstructure  will  provide  fewer  second  phase 
scattering  sites.  Clearly,  control  of 
microstructure  will  be  a  critical  parameter  in 
optimizing  the  thermoelectric  properties  of  these 
alloys.  The  decrease  in  resistivity  with 
temperature  is  consistent  with  that  of  an  intrinsic 
semiconductor.  The  Seebeck  coefficient  of  the 
two  samples  is  similar  and  is  sufficiently  large 
to  drive  the  power  factor  to  a  maximum  of  27 
pW/cm-deg.2  near  500°C  in  the  material  heat 
treated  at  950°C  for  2  weeks.  Due  to  the  higher 
resistivity,  the  power  factor  of  the  840°C  sample 
maximized  at  21  pW/cm-deg.2.  Interestingly, 
the  power  factor  increases  with  increasing 
temperature  in  the  lower  temperature  range,  even 
though  the  material  should  be  operating  in  or 
quite  near  the  intrinsic  conductivity  range.  The 
magnitude  of  the  power  factor  is  comparable 
with  that  of  state-of-the-art  silicon-germanium 
alloys,  although  Si-Ge  can  be  used  at  a  much 
higher  operating  temperature  than  TiNiSn. 
Continuous  cooling  data  was  obtained  after 
reaching  the  maximum  temperature  and  no 
evidence  of  hysteresis  was  observed. 


II.  Samples  prepared  at  the  Univ.  of  Virginia : 
Two  rectangular  parallelepiped-shaped  samples 
of  TiNiSn  were  cut  from  an  arc  melted  and  heat 
treated  sample  prepared  at  the  University  of 
Virginia.  These  samples  were  instrumented  and 
characterized  for  high  temperature  electrical 
resistivity  and  Seebeck  coefficient  in  the  same 
manner  as  applied  to  the  alloys  prepared  at 
Ames.  The  results  of  these  measurements  are 
shown  in  Fig.  5. 
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Figure  5.  Electrical  resistivity,  Seebeck  coefficient, 
and  power  factor  of  arc  melted  and  800°C  annealed 
TiNiSn.  Sample  designation:  I  =  1  week  heat 
treatment  and  IV  -  4  week  heat  treatment.. 
(Samples  were  prepared  at  the  University  of  Virginia) 


The  Seebeck  coefficient  of  both  samples 
increases  slightly  with  temperature  to  about 
300°C  and  decreases  thereafter.  This  behavior  is 
qualitatively  different  from  the  samples  prepared 
at  Ames  in  that  the  latter  alloys  show  a 
continuously  decreasing  Seebeck  coefficient 
with  temperature  throughout  the  entire 
temperature  range.  The  electrical  resistivity  of 
both  sets  of  samples  show  similar  behavior.  The 
power  factor  of  the  U.  of  Virginia  samples 
increases  to  a  maximum  of  near  20  jiW/cm-deg.2 
in  the  300  to  400°C  range.  It  is  noted  that  the 
maximum  power  factor  of  the  Ames’  840°C  heat 
treated  sample  is  similar  to  that  of  the  U  of 
Virginia  alloys  but  that  the  application  of  the 
additional  heat  treatment  at  950°C  has  improved 
the  power  factor.  The  exact  cause  for  the 
improvement  is  not  known  at  this  time,  however, 
some  differences  in  processing  are  worth 
mentioning.  The  U.  of  Virginia  group  placed  the 
samples  in  alumina  crucibles  which  were  in  turn 
sealed  within  quartz  ampoules.  They 

subsequently  observed  formation  of  a  metallic 
coating  on  the  inner  wall  of  the  ampoule 
following  the  heat  treatment.  In  contrast,  the 
Ames  group  wrapped  the  samples  in  Ta  before 
sealing  in  quartz  and  no  coating  on  the  ampoules 
was  observed.  Moreover,  no  noticeable  change 
in  the  ductility  of  the  Ta  was  observed,  which 
would  have  suggested  that  a  reaction  between 
the  sample  and  the  wrapping  occurred.  Clearly, 
additional  studies  are  needed  to  identify  and 
control  the  heat  treatment  conditions  required  for 
the  optimum  power  factor. 

The  thermal  conductivity  of  various 
heat  treated  specimens  have  been  measured  at 
room  temperature  by  the  Virginia  group  and 
found  to  lie  in  the  40  to  60  mW/cm-deg.  range. 
From  the  above  data,  the  high  temperature 
thermal  transport  in  these  alloys  is  expected  to 
be  dominated  by  an  increasing  electronic 
component  which  might  offset  any  T'1  phonon 
scattering  decrease.  Taking  the  lower  value  for 
the  thermal  conductivity,  a  reasonable  estimate 
for  the  optimized  ZT  of  this  material  would  be 
0.45  to  0.50  within  the  300°C  to  600°C  range. 

111.  Other  (1,1,1)  Compounds 
A  survey  of  the  RPdBi  system,  where  R  =  rare 
earth  element  has  shown  that  large  room 
temperature  electrical  power  factors  are  possible 
within  this  family.  These  compounds  were 
prepared  by  melting  in  sealed  Ta  ampoules  and 
subsequently  heat  treated.  They  exhibit  p-type 
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conductivity,  as  shown  in  Fig.  6.  which  displays 
the  room  temperature  Seebeck  coefficient 
vs.Lanthanide  atomic  number. 
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Fig.  6.  Room  Temperature  Seebeck  Coefficient  of 
RPdBi  Compounds  as  a  Function  of  Atomic  Number. 
(R  =  Rare  Earth) 

(The  LaPdBi  sample  was  not  single  phase) 

The  variation  of  Seebeck  coefficient  with  atomic 
number  is  believed  to  be  related  to  the  number  of 
unpaired  4f  electrons  in  the  lanthanide  valence 
shell.  The  anomalous  value  for  the  La 
compound  is  not  fully  understood  but  is  likely 
due  to  the  presence  of  additional  phases.  A 
preliminary  screening  of  the  room  temperature 
properties  of  these  compounds  indicate  that 
some  have  room  temperature  power  factors  on 
the  order  of  30  pW/cm-deg.2  or  higher.  A 
summary  of  some  of  these  properties  is  given  in 
Table  II. 

Table  II.  Room  Temperature 
Properties  of  RPdBi 
(R=Rare  Earth) 


Compound 

p  (mQ-cm) 

S„(nV/°C) 

PF0 

(nW/cm-°C2) 

LaPdBi 

1.0 

166.4 

27.7 

NdPdBi 

1.8 

90.2 

4.5 

GdPdBi 

0.5 

138.8 

38.5 

DyPdBi 

2.0 

89.8 

4.0 

ErPdBi 

0.7 

85.3 

10.4 

LuPdBi 

1.1 

63.6 

3.7 

Most  of  these  compounds,  however,  have  an 
energy  gap  on  the  order  of  0.1  eV  or  less  which 
would  suggest  that  the  Seebeck  coefficient,  and 
hence  the  power  factor,  would  both  decrease 
with  increasing  temperature.  A  few  of  these, 
particularly  LaPdBi  and  GdPdBi,  may,  however, 
be  attractive  candidates  for  thermoelectric 


cooling  applications.  Other  compounds  known 
to  crystallize  in  the  MgAgAs  structure  that  may 
have  semiconducting  properties  include  the 
RPtSb  system  where  R  is  a  heavy  rare  earth 
element.  Little  transport  data  has  been  measured 
on  these  compounds  to  date. 

Conclusions 

Intermetallic  compounds  having  a  gap 
in  the  density  of  states  at  the  Fermi  level  are 
attractive  candidates  for  low  and  intermediate 
temperature  thermoelectric  applications. 
Preliminary  transport  measurements  on  annealed 
TiNiSn  indicate  that  electrical  power  factors 
exceeding  25  pW/cm-°C2  within  the  300°C  to 
600°C  temperature  range  are  achievable. 
Control  of  microstructure  is  a  critical  processing 
variable  in  the  optimization  of  these  alloys. 
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Abstract 

The  thermoelectric  properties  of  the  sintered 
magnesium  compounds  such  as  magnesium  silicide 
and  magnesium  stannide  have  been  researched  in 
order  to  apply  to  a  thermoelectric  power  generation 
system  using  combustion  heat  of  municipal  solid 
waste.  Temperature  dependencies  of  thermoelectric 
properties  such  as  Seebeck  coefficient,  electrical 
resistivity  and  thermoelectric  power  factor  are 
measured  for  the  temperature  range  from  300K  to 
770K.  The  non-dimensional  figure-of  -merit  for  the 
sintered  magnesium  silicide  is  obtained  about  0.4  at 
600K  in  the  initial  stage.  The  durability  of 
magnesium  compound  elements  is  also  discussed. 

Introduction 

Intermetallic  magnesium  compounds  such  as 
magnesium  silicide,  magnesium  stannide  and 
magnesium  germanium  and  their  solid  solutions 
have  been  known  as  the  promising  thermoelectric 
materials*1)®®.  The  factor  A  (m*15  jufk;  where  m* 
is  the  effective  mass  ,JU  is  the  mobility  and  k  is 
the  lattice  thermal  conductivity)  representing  the 
potential  ability  of  thermoelectric  performance  by 
Ioffe  is  14  for  magnesium  silicide  as  compared  with 
0.8  for  iron  silicide,  2.6  for  silicon  germanium  and 
1.4  for  manganese  silicide  pointed  out  by 
C.Vining*4).  It  has  been  also  reported  that  the  figure 
of  merit  of  Mg2Sii-*Gex  solid  solution  at  300K  was 
0.69xl0-3K-i  for  n-type  <5>.  At  present,  the  research 
on  magnesium  compounds  is  inactive  because  the 
degradation  of  the  performance  would  be  severe  at 
high  temperature  atmosphere.  However,  if  we 


could  modify  the  environment  to  use  the  module  by 
some  systematic  arrangements,  the  performance 
degradation  due  to  sublimation  and  oxidization  of 
magnesium  would  be  substantially  reduced. 

In  this  paper  thermoelectric  properties  of  the 
sintered  thermoelectric  materials  such  as 
magnesium  6ilicide  and  magnesium  stannide  as 
compared  with  the  casted  materials  are  presented 
to  establish  the  improved  thermoelectric  materials 
for  the  medium  temperature  range  in  consideration 
of  the  good  effect  due  to  the  sintering  process. 

Experimental  Procedure 


Mg(4N,3-5mm  chunk)  and  Si(4N,300  mesh  powder) 
were  used  as  the  starting  materials  for  magnesium 
silicide.  The  required  amount  of  these  materials 
were  mixed  and  then  melted  in  the  graphite 
crucible  by  RF  furnace  in  low  pressure  atmosphere 
to  prepare  Mg2Si  ingot.  The  ingot  was  powdered  by 
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Fig.l  Sintering  pattern  of  magnesium  silicide 
element  for  shrinking  rate  control 
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a  planetary  ball  mill.  The  powder  was  one- 
dimensionally  pressed  to  be  made  the  green 
samples  of  7mm  in  diameter  and  20  mm  in  length. 
The  green  samples  covered  with  platinum  cylinder 
were  sintered  by  shrinking  rate  control  sintering 
apparatus  in  argon  atmosphere  at  the  temperature 
range  from  1073K  to  1200K  in  consideration  of 
1375K  in  melting  point  of  magnesium  silicide.  The 
sample  temperature  pattern  of  sintering  is  shown 
in  Fig.l.  The  temperature  at  773K  was  kept  for  2 
hours  to  remove  the  binder  of  PVA. 

Concerning  the  magnesium  stannide  samples,  the 
preparation  procedure  was  similar  to  the  above- 
mentioned.  However,  in  this  case  the  binder  was 
not  used  because  the  powder  was  soft  and  adhesive. 
Small  amount  of  antimony(4N)  was  added  as  a 
dopant  at  the  alloying  process.  The  samples  of 
undoped  Mg2Sn,  Mg2Sn+lwt%Sb,  and  Mg2Sn 
+2wt%  Sb  were  made.  The  sintering  temperature 
was  945K,  where  the  shrinking  ratio  was  3.4%. 

For  the  reference,  both  magnesium  silicide  and 
magnesium  stannide  were  made  by  alloy  casting 
method  by  RF  furnace  at  the  same  time. 

Results  and  Discussion 

The  characterization  of  the  sample  were 
determined  by  powder  X-ray  diffractometry(XRD) 
and  scanning  electron  microscopy(SEM). 

Seebeck  coefficient  and  electrical  resistivity  were 
simultaneously  measured  by  the  thermoelectric 
power  factor  measurement  apparatus<6>.  Thermal 
diffusivity,  heat  capacity  and  thermal  conductivity 
were  measured  by  a  laser  flash  method.  The 
measurement  of  electrical  resistivity  and  Hall 
coefficient  were  measured  by  Van-der-pauw 
method.  The  magnetic  field  of  0.3T  was  applied  for 
it. 

XRD  for  the  sintered  magnesium  silicide  and  the 
sintered  magnesium  stannide  are  shown  in  Figs.2 
and  3  respectively.  The  patterns  exhibit  most  of 
lines  of  standard  polycrystalline  phases.  For  the 
sintered  Mg2Si  elements,  magnesium  oxide,  single 
element  of  silicon  and  magnesium  were  not 
observed.  However,  the  small  level  of  broad 
spectrum  around  15-20°  of  diffraction  angle 
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Fig.2  X-ray  diffraction  pattern  of  sintered  Mg-Si 


Fig.3  X-ray  diffraction  pattern  of  sintered  Mg-Sn 

suggested  containing  silicon  oxide  such  as  SiC>2. 
According  to  the  SEM  micrograph  of  the  sintered 
Mg2Si,  many  closed  pores  of  about  10  micron  in 
diameter  are  dispersed  and  other  parts  are  dense 
sintering  phase.  The  relative  density  in  this  case 
was  about  92-95%  based  on  1.95g/cc  in  ideal  density. 
The  grain  size  was  about  10  micron  on  the  average. 
According  to  the  SEM  micrographs  of  the  sintered 
and  the  casted  Mg2Sn,  the  relative  density  was 
about  95%  based  on  3.592g/cc  in  ideal  state  density. 
Figure  4  shows  the  dependencies  of  the  Seebeck 
coefficient  and  the  thermoelectric  power  factor  on 
the  temperature  for  the  sintered  Mg2Si  and  the 
casted  one.  The  undoped  Mg2Si  was  n-type 
semiconductor.  The  Seebeck  coefficients  for  both 
the  sintered  and  the  casted  increase  with 
temperature  and  reach  to  the  plateau  as  predicted 
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from  the  theoretical  expression  of  thermoelectric 
motive  force.  The  Seebeck  coefficient  of  the  first 
sintered  sample,  which  has  not  been  exposed  in  air 
at  high  temperature,  is  about  twice  larger  than  that 
of  the  casted  due  to  various  scattering  effects.  The 
power  factor  of  the  first  sintered  one  can  be 
obtained  3.5xl03(W/mK2)  in  the  temperature  range 
from  600K  to  700K,  while  the  value  of  the  casted 
one  is  one  tenth  of  the  first  sintered. 


make  :  Mg2Si  Sintered  ftn  N  gas) 
make_a  :  OmJizad  in  air,  773(K1  10(h) 
makiS  b  :  Oxidized  in  air,  773JKJ  20(h] 
makifl  c  :  Oxidized  tn  air,  773(K)  30(h] 


which  the  samples  have  been  exposed  at  773K  for 
every  10  hours,  are  also  shown.The  performance  is 
substantially  degraded  due  to  oxidization  and 
sublimation  and  reach  to  the  similar  level  of  the 
casted  one.  It  suggests  that  magnesium  silicide 
element  should  used  in  the  inert  atmosphere. 


Temperature  10VT  (MK) 


makiB :  MgzSi  Sinfcfd  (m  Arga*) 

:  Oxkkrad  in  ak,  773pq  10(h) 
matoi  li :  Owfead  in  air.  773(KJ  20(h) 
maki6_c :  Oiidizad  in  air.  773(iq  30(h) 


Temperature  10YT  (1/K) 

Fig.5  Temperature  dependencies  of  electrical 
resistivity  for  sintered  at  (a)  and  for  casted  at  (b) 


]miz_i  :  Mgtsi  Aiioy  easting  |  The  dependencies  of  the  electrical  resistivity  on  the 

temperature  are  shown  in  Fig.5.  The  width  of  the 
forbidden  gap  for  magnesium  silcide  determined  by 
Fig.4  Dependencies  of  the  Seebeck  coefficient  and  the  slope  of  the  curve  In  fi  =f(l/T)  in  the  region  of 

thermoelectric  power  factor  on  the  temperature  for  intrinsic  conductivity,  was  found  equal  to  0.74eV, 

sintered  at  (a)  and  casted  at  (b)  while  the  width  was  indicated  about  0.77-0.8eV  by 

Nikitin  et  ah1). The  degradation  effect  also  appears 

In  Fig.4(a)  the  results  of  the  durability  test  ,in  on  the  electrical  resistivity  due  to  oxidization.  The 
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Temperature  HOT  (1/K) 


SNSB_21  :  MspSn  +  Sb  2wt%  Sintered  1 
SNSB J22  :  MgzSn  ♦  Sb 2»«  AjhycMfcgJ 

Fig.6  Temperature  dependencies  of  the  Seebeck 
coefficient  at  (a),  electrical  resistivity  at  (b)  and 
thermeoectric  power  factor  at  (c)  for  magnesium 
stannide  elements 


value  for  the  sintered  one  is  rather  superior  to  that 
for  the  casted  one  because  it  can  be  suggested  for 
the  XRD  chart  that  the  casted  one  has  been 
oxidized  a  little  during  the  alloy  casting  process. 
Figure  6  shows  the  dependencies  of  the  Seebeck 
coefficient,  the  electrical  resistivity  and  the 
thermoelectric  power  factor  on  the  temperature  up 
to  700K  for  the  sintered  and  the  casted  magnesium 
stannide  doped  2wt%  of  antimony.  The  samples  of 
undoped  and  Sb-doped  one  represented  n-type 
semiconductor.  According  to  the  behavior  of 
Seebeck  coefficient  the  samples  of  magnesium 
stannide  seem  to  have  a  kind  of  metallurgically 
transitional  state  at  460K  to  480K. 

The  electrical  resistivity  is  quite  low  as  compared 
with  magnesium  silicide  samples.  The  width  of  the 
forbidden  gap  for  the  samples  doped  2wt%  Sb  was 
found  to  be  equal  to  0.54-0.6eV,  while  the  undoped 
magnesium  stannide  alloy  was  reported  to  have 
0.3-0. SGeVW.  The  thermoelectric  power  factor  is 
obtained  about  1.2xl(H(W/mK2)  at  most,  because 
the  carrier  concentration  has  not  been  optimized 
obviously. 

Concerning  the  thermal  properties,  the  thermal 
diffusivity,  heat  capacity,  and  thermal  conductivity 
were  measured  0.051  cm2/s,  0.82  J/gK,  and  7.69 
W/mK  for  the  first  sintered  magnesiumsilicide  by  a 
laser  flash  method  at  room  temperature.  According 
to  the  reference^,  thermal  conductivity  is 
proportional  to  T-°  6  assuming  the  intensive  phonon 
scattering  due  to  point  defects  and  is  estimated  5.4 
W/mK  at  600K  based  on  the  observed  value. 

Conclusion 

The  Seebeck  coefficient,  electrical  resistivity  and 
thermoelectric  power  factor  of  the  sintered 
elements  of  undoped  Mg2Si(n-type)  and  Sb-doped 
Mg2Sn(n-type)  have  been  investigated  for  the 
temperature  range  from  300K  to  770K  in  order  to 
aim  the  establishment  of  high  efficiency, 
inexpensive  thermoelectric  element  for  medium 
temperature  range. 

On  the  basis  of  thermoelectric  power  factor  at  600K 
and  of  the  estimated  thermal  conductivity  ,  the 
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non-dimensional  figure  of  merit  for  the  sintered 
magnesium  silicide  could  be  obtained  about  0.4  at 
600K  in  the  initial  stage.  The  durability  tests  at 
770K  in  air  suggested  that  the  magnesium  silicide 
element  should  be  used  in  the  inert  atmosphere  for 
a  practical  system. 

Concerning  the  sintered  magnesium  stannide 
doped  2wt%  of  antimony,  the  thermoelectric  power 
factor  was  obtained  about  1.2xlO'4(W/mK2)  at  most. 
It  suggested  that  the  carrier  concentration  should 
be  optimized.  After  that,  the  sintered  element  of  the 
solid  solution  of  magnesium  silicide  and 
magnesium  stannide  should  be  intensively 
investigated  further. 


Material  at  Temperature  up  to  1300  K”,Proc.  of  XII 
ICT,pp44-48(1994) 

7.R.J.Zlalotz  D.R.Mason,  D.F.O’Kane,  ’’The 
Thermoelectric  Properties  of  Mixed  Crystals  of 
Mg2GexSii-x”,  J.  of  the  Electrochemical  Society, 
110, 2,pp  127- 134(1963) 
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Abstract 

Mg2Sii-xSnx  solid  solutions  with  (0  ^  x  z  0.4)  were  prepared  by 
mechanical  alloying  and  subsequent  hot-pressing.  It  was  found 
that  the  alloying  process  during  milling  develops  in  one  of  two 
different  directions.  The  first  one  leads  to  the  nominal  composi¬ 
tion  with  only  a  small  amount  of  iron  impurities  resulting  from 
wear  of  the  milling  media.  In  the  second  route  —  which  only 
occurs  in  the  presence  of  Sn  —  an  abrasive  phase  is  formed  and 
the  Fe  content  may  increase  up  to  50  at%.  The  Fe  is  bound  in 
FeSi  and  consequently,  the  solid  solution  has  a  lack  of  Si. 

The  hot-pressing  was  performed  at  a  temperature  smaller  than 
the  peritectic  temperature  of  the  quasibinary  Mg2Si-Mg2Sn 
system.  A  decomposition  of  the  solid  solutions  occurs,  which 
suggest  changes  on  the  miscibility  gap  in  published  phase  dia¬ 
grams.  However,  some  transport  measurements  on  the  multi¬ 
phase  materials  were  performed,  which  revealed  lower  mobility 
values  and  lattice  thermal  conductivities  compared  to  values 
published  in  the  literature  for  single  crystalline  materials.  The 
mobility  of  our  materials  was  found  to  be  independent  from 
composition  whereas  the  thermal  conductivity  decreases  with 
increasing  Sn  content. 

Introduction 

Quasi-binary  and  quasi-ternary  solid  solutions  of  the  Mg2Si, 
Mg2Sn,  and  Mg2Ge  intermetallic  compounds  have  been  pro¬ 
posed  to  be  good  candidates  for  high-ZT  thermoelectric  materi¬ 
als  [1,2].  As  wide  ranges  of  solid  solutions  have  been  shown  to 
exist,  this  material  class  possesses  the  additional  potential  to 
form  temperature-field  adapted,  i.e.  graded  TE-devices  without 
problems  with  chemical  degradation. 

Preparing  the  Mg-alloys  by  meltmetallurgical  methods,  how¬ 
ever,  is  difficult  due  to  the  high  vapour  pressure  of  the  Mg. 
Therefore  we  investigated  material  preparation  via  mechanical 
alloying  in  a  planetary  ball  mill.  The  paper  focuses  on  the  syn¬ 
thesis  and  phase  evolution  of  the  alloy  powders,  and  selected 
thermoelectric  properties  of  hot-pressed  Mg2Si  and  Mg^i^Sn* 
with  x  up  to  0.4.  The  investigations  complement  the  more  phe¬ 
nomenological  ones  on  the  mechanical  alloying  of  pure  Mg-,Si 

[3]. 

Material  synthesis 

For  the  preparation  of  Mg2Si  and  Mg2Si!_xSnx  by  mechanical 
alloying,  nominal  compositions  of  Si,  Mg,  and  Sn  chunk  pieces 
(<;  5  mm)  were  filled  into  500  ml  steel  vessels  together  with  100 
steel  grinding  balls  of  10  mm  diameter  and  150  ml  n-hexane. 


The  vials  were  sealed  under  Ar-atmosphere.  The  milling 
occured  in  a  planetary  ball  mill  Retsch  PM4000DLR  [ICT94] 
for  8  to  150  h.  Powders  were  examined  metallographically  by 
scanning  electron  microscopy  (SEM),  standard  x-ray  diffraction 
(XRD),  energy  dispersive  analysis  of  x-rays  (EDX)  in  a  trans¬ 
mission  electron  microscope  (TEM),  and  by  x-ray  fluorescence 
analysis  (XFA). 

Consolidation  of  the  powders  occured  in  a  hot-uniaxial  press 
(HUP)  in  vacuum  (p  s  10*4  mbar)  at  a  pressure  of  50  MPa  and  at 
a  temperature  between  800  and  850°C.  Mass  and  size  of  the 
ingots  were  determined  to  calculate  their  densities.  The  samples 
for  the  thermoelectric  measurements  were  cut  with  a  wire  saw 
and  the  ones  for  the  Hall  measurements  were  etched  prior  to  the 
evaporation  of  Indium  contacts. 

Material  evolution  during  mechanical  alloying 

Mg-,Si 

After  some  time  of  planetary  ball  milling,  the  vial  load  consists 
of  loose  powder  and  larger  bulk  rests.  XRD  investigations  on 
the  powder  (separated  from  the  bulk  pieces  by  sieving  at  25 
mesh)  revealed  that  it  consists  of  pure  Si  and  the  desired  Mg2Si 
compound,  but  there  is  no  Mg.  Fig.  I  shows  an  XRD  measure¬ 
ment  on  8  h  milled  material.  A  quantitative  analysis  of  the  aver¬ 
age  powder  composition  by  XFA  as  well  as  local  composition 
measurements  on  single  powder  particles  by  means  of  EDX  in 
a  TEM  (spot  resolution  80  nm)  showed,  that  the  average  and  the 
local  Mg  concentrations  never  exceed  the  value  of  69  at%,  i.e. 
the  stoichiometric  composition. 


Fig  1:  X-ray  diffraction  diagrams  on  8  h  and  25  h  milled 
Mg2Si. 
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Fig.  2:  Composition  (Mg/Si  ratio)  and  iron  content  of  the 
powder. 

The  bulk  rests  on  the  other  hand  were  found  to  consist  of  a  core 
of  pure  Mg  without  any  inclusions.  The  surface  is  covered  with 
a  thin  layer  (approx.  20  pm),  which  was  found  to  be  of  the  same 
composition  as  the  loose  powder.  It  consists  of  a  ductile  Mg2Si 
matrix  with  inclusions  of  brittle  Si.  The  layer  is  easily  to  be 
scatched  off  the  bulk,  which  makes  it  possible  that  particles  of 
pure  silicon  come  into  contact  with  the  Mg-core  and  continu¬ 
ously  form  the  intermetallic  compound. 

After  a  milling  time  of  at  least  25  hours  no  more  bulk  rests  are 
left,  and  the  XRD  spectra  only  shows  the  Mg2Si  peaks  as  seen 
in  Fig.  1. 

These  findings  lead  to  the  conclusion  that  mechanical  alloying 
of  Si  and  Mg  to  form  Mg2Si  occurs  on  the  surface  of  the  chunky 
Mg.  In  the  initial  stages  of  milling,  the  Si  is  rapidly  diminished 
to  particles  not  exceeding  100  pm  which  start  to  abrase  small 
amounts  from  the  still  large  Mg  pieces  forming  the  intermetallic 
compound. 

Concerning  the  picking  up  of  impurities  during  the  course  of 
milling,  a  quantitative  analysis  showed  that  the  Fe  content  re¬ 
sulting  from  the  milling  media  does  not  exeed  2.5  at%. 

The  time  evolution  of  the  powder  composition  and  the  impurity 
contents  is  shown  in  Fig.  2. 

Mg2Si  j  ,rSnr 

While  the  mechanical  alloying  of  the  pure  Mg2Si  is  straight¬ 
forward,  the  milling  of  the  solid  solutions  Mg2Si,.xSnx  show 
some  unexpected  effects.  The  most  important  one  is  that  — 
apparently  arbitrarily  —  the  milling  evolves  into  two  different 
directions  leading  to  completely  different  types  of  powder. 

The  ’’good"  route  leads  to  the  nominal  solid  solution.  If  the 
batch  develops  into  this  direction,  we  always  observed  the 
occurence  of  an  intermediate  product  consisting  of  a  metastable, 
i.e.  high  temperature  Mg2Sn-phase  and  pure  Si  in  the  powder, 
and  Mg  bulk  rests.  The  metastable  Mg2Sn  could  never  be  ob¬ 
served  together  with  the  stable  solid  solution.  Consequently,  we 
conclude  that  there  is  a  spontaneous  transformation  from  the 
metastable  Mg2Sn  into  the  stable  phase  with  a  concomitant 


incorporation  of  silicon.  The  time  required  to  receive  the  al¬ 
loyed  powder  without  bulk  rests  is  much  longer  compared  to 
the  pure  Mg2Si.  Milling  had  to  proceed  for  80  hours  for  the 
composition  Mg2Si0  8Sn02  and  for  130  hours  for  Mg2Si06Sn04. 
Nevertheless  the  iron  content  in  these  powders  does  not  exeed 
3  at%. 

In  the  second  evolution  route  even  at  early  milling  stages  large 
amounts  of  iron  powders  are  found  which  eventually  form  FeSi. 
Additionally,  pure  Sn  can  be  observed.  During  further  milling, 
there  are  the  stable  Mg2Sn(Si)  phase  and  FeSi  in  the  powder 
together  with  Mg  bulk  rests.  In  this  processing  route  the  Fe 
content  increases  very  fast  and  finally  reaches  a  value  of  50  at% 
after  a  milling  time  of  140  hours.  Even  in  this  stage  of  the  mill¬ 
ing,  Mg  bulk  rests  are  still  existing. 

It  is  important  to  notice  that  neither  FeSi  nor  Sn  can  be  ob¬ 
served  simultaneously  with  the  metastable  Mg2Sn-phase  and 
that  FeSi  and  pure  Sn  are  always  observed  together.  This  means 
that  one  of  these  phases  must  be  an  abrasive  one  causing  the 
high  iron  concentration.  Due  to  this  high  impurity  concentration 
these  powders  cannot  be  used  for  the  further  processing  steps. 


Fig.  3:  X-ray  diffraction  measurement  of  Mg2Si08Sn02  pow¬ 
ders  of  the  two  different  evolution  routes. 

The  two  different  evolution  routes  are  demonstrated  by  the 
XRD  spectra  of  two  powders  which  are  processed  in  exactly  the 
same  way  (cf.  Fig.  3).  The  lower  spectrum  corresponds  to  the 
powder  of  the  first,  i.e.  “good”  evolution  route  and  shows  a 
large  solid  solution  peak  of  the  nominal  composition  and  a 
small  peak  belonging  to  FeSi  corresponding  to  an  Fe  concentra¬ 
tion  of  2.9  at%.  The  upper  curve  exhibits  a  large  FeSi  peak  and 
only  a  small  peak  of  the  solid  solution,  which  additionally  is 
shifted  to  the  tin-rich  side,  because  the  reduced  content  of  avail¬ 
able  Si  induced  by  the  formation  of  FeSi.  The  iron  content  in 
the  shown  case  is  44  at%. 

Consolidation  of  mechanically  alloyed  powders 

The  parameters  for  the  consolidation  process  were  chosen  ac¬ 
cording  to  available  quasibinary  phase  diagrams  on  Mg2Sn- 
Mg2Si  (Fig.  4)  [5,6].  Both  variants  show  a  peritectic  behaviour 
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with  the  peritectic  temperature  being  about  860°C.  Conse¬ 
quently,  we  have  chosen  850°C  as  the  pressing  temperature. 


Fig.  4:  Two  different  phase  diagrams  for  the  Mg2Sn-Mg2Si 
quasi-binary  system.  Full  curves  [5],  dotted  curves  [6], 

After  hot  pressing,  the  ingots  show  a  density  close  to  the  theo¬ 
retical  one,  however,  as  MgO  was  detected  in  the  samples,  the 
density  values  are  shifted  to  higher  values. 

XRD  measurements  show  that  the  previous  alloy  peak,  which 
was  seen  in  the  powder  material,  splits  into  three  signals  indi¬ 
cating  a  decomposition  of  the  material  (Fig.  5).  One  of  the 
peaks  still  corresponds  to  the  nominal  composition  and  the 
other  ones  can  be  attributed  to  the  decomposition  values  of  the 
peritectic  reaction. 


Fig.  5:  X-ray  diffraction  measurement  on  mechanically  al¬ 
loyed  Mg2Si0  8Sn0  2  powder  and  the  hot-pressed  ingot. 

The  lattice  parameters  calculated  from  the  XRD  measurements 
of  the  powders  agree  well  with  Vegard’s  law.  Following  this, 


we  calculated  the  compositions  of  the  split  values  from  the 
lattice  parameters  determined  by  XRD  measurements.  The 
results  indicated  a  solubility  gap  between  28  and  91  at%. 

Comparing  our  result  on  the  solubility  gap  with  those  shown  in 
the  published  phase  diagrams  of  Fig.  4  reveal  large  discrepan¬ 
cies.  Nikitin  et  al.  [5]  report  a  gap  between  40  and  60  mol% 
Mg2Si,  Mantyanu  et  al.  [6]  state  35  to  92  mol%.  The  upper  limit 
agrees  with  that  reported  in  [6],  but  the  lower  reported  limit  is 
obviously  too  high.  Further  investigations  are  needed  on  the 
way  to  a  reliable  phase  diagram. 


Mg2Si 

Mg2SigSn2 

Mg2Si6Sn4 

P  (g/cm3) 

1.94 

2.35 

2.85 

o  (1/Qcm) 

0.11 

600 

450 

n  (1/cm3) 

3- 1  O’6 

2- 1 020 

MO20 

1 j.  (cm2/Vs) 

21 

18 

20 

K  (W/mK) 

5.3 

3.9 

2.6 

Kph  (W/mK) 

5.3 

3.4 

2.3 

H/k  (cm2K/VJ) 

400 

530 

870 

S  (pV/K) 

-620 

-65 

-90 

ZT 

4.4- 10-4 

0.023 

0.03 

Table  1:  Room  temperature  values  of  not  intentionally  doped, 
mechanically  alloyed  Mg2Si,.xSnx. 

Thermoelectric  properties 

We  performed  transport  measurements  on  the  multiphase  mate¬ 
rials  at  room  temperature.  No  dopants  were  intentionally  added 
to  the  materials,  and,  according  to  the  literature  [e.g.  1,  7],  all 
samples  were  of  n-type.  The  ones  containing  Sn  have  a  high 
carrier  density,  n,  about  102O/cm3.  The  carrier  density  of  the 
pure  Mg2Si  was  much  lower  not  exceeding  10,7/cm3.  Both,  the 
electrical  conductivity,  o,  and  the  Seebeck  coefficient,  S,  corre¬ 
spond  to  the  carrier  density  (see  Tab.l). 

The  Hall  mobility,  p,  as  calculated  from  n  and  a,  was  found  to 
be  independent  from  composition  about  20  cmWs.  This  value 
is  significantly  lower  compared  to  the  ones  published  by 
Winkler  [7]  who  measured  370  cm2/Vs  (Mg2Si)  and  210  cm2/Vs 
(Mg2Sn)  for  single  crystalline  materials.  This  decrease  may  be 
caused  by  additional  scattering  mechanisms  resulting  from  the 
grain  and  crystallite  boundaries  in  the  powdermetallurgical 
materials  and  from  scattering  at  point  defects,  because  the  im¬ 
purity  concentration  in  our  samples  is  much  higher  than  in 
Winkler's  material  as  can  be  seen  from  the  difference  in  carrier 
concentration  (for  Mg,Si,  Winkler  measured  only  10H/cm3). 

The  thermal  conductivities,  k,  for  Mg,Si,  Mg2Si08Sno2,  and 
Mg2Si06Sn04  were  5.3, 3.9,  and  2.6  W/mK,  respectively.  Due  to 
the  low  carrier  density  of  the  Mg2Si  the  measured  value  is  equal 
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to  that  of  the  lattice  thermal  conductivity,  kpk.  To  receive  the 
lattice  thermal  conductivities  of  the  solid  solutions,  the  mea¬ 
sured  values  were  corrected  by  the  electronic  part,  ke1,  which 
can  be  calculated  from  the  electrical  conductivity  by  the 
Wiedeman-Franz-Lorentz  law.  Thus,  the  lattice  thermal  conduc¬ 
tivities  were  estimated  to  3.4  and  2.3  W/mK  for  Mg2Si08Sn02 
and  Mg2Si06Sn04,  respectively.  These  values  are  about  30% 
lower  than  those  published  in  the  literature  [1,8]. 

A  quantity  which  may  serve  to  value  undoped  materials  for 
their  thermoelectric  suitability  is  the  ratio  of  mobility  to  lattice 
thermal  conductivity,  |t/icPh.  In  the  investigated  composition 
range  this  quantity  increases  monotonuously  with  increasing  Sn 
content  from  400  cm2K/VJ  for  Mg2Si  to  870  cm2K/VJ  for 
Mg2Si0.6Sn04.  This  result  shows  that  the  solid  solution  with  a 
high  Sn  content  is  much  more  suitable  for  thermoelectric  appli¬ 
cations  than  the  pure  intermetallic  compound. 

Calculating  a  room  temperature  value  for  the  dimensionless 
figure  of  merit,  ZT,  of  the  solid  solution  Mg2Si06Sn04  leads  to  a 
value  of  0.03,  which  is  indeed  a  promising  one,  as  the  material 
is  not  optimized  and  not  at  the  optimal  temperature. 

Conclusions 

A  preparation  method  for  the  Mg2Si,.xSnx  (0  s  x  s  0.4)  solid 
solution  based  on  mechanical  alloying  in  a  planetary  ball  mill 
and  subsequent  hot  uniaxial  pressing  could  be  developed.  Dur¬ 
ing  mechanical  alloying  two  different  evolution  routes  were 
observed  from  which  only  one  leads  to  the  desired  end  product. 
The  consolidation  causes  a  partial  decomposition  of  the  materi¬ 
als  that  is  not  in  accordance  to  published  quasibinary  phase 
diagrams. 

Room  temperature  transport  parameters  show  that  the  solid 
solution  (in  spite  of  decomposition)  is  more  suitable  for  thermo¬ 
electric  applications  than  the  pure  intermetallic  compound. 
However,  for  conclusive  statements  in  terms  of  thermoelectric 
suitability  the  examination  of  doped  materials  is  necessary. 

This  work  was  supported  by  the  Deutsche  Forschungs- 
gemeinschaft,  Schwerpunktprogramm  Gradientenwerkstoffe. 
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Abstract 

Improvements  to  state-of-the-art  Si8oGe2o  thermoelectric 
alloys  have  been  observed  in  laboratory-scale  samples  by  the 
application  of  the  powder  metallurgical  techniques  of 
mechanical  alloying  and  hot  pressing.  Incorporating  these 
improvements  in  large  scale  compacts  for  the  production  of 
thermoelectric  generator  elements  is  the  next  step  in 
achieving  higher  efficiency  RTG’s.  This  paper  discusses 
consolidation  of  large  quantities  of  mechanically  alloyed 
powders  into  production  size  compacts.  Differences  in 
thermoelectric  properties  are  noted  between  the  compacts 
prepared  by  the  standard  technique  of  hot  uniaxial  pressing 
and  hot  isostatic  pressing.  Most  significant  is  the  difference 
in  earner  concentration  between  the  alloys  prepared  by  the 
two  consolidation  techniques. 

Introduction 

Silicon-germanium  thermoelectric  alloys  have  been 
used  for  many  years  in  radioisotope  thermoelectric  generators 
for  space  applications.  These  alloys  are  typically 
manufactured  via  a  melting,  grinding,  and  hot  pressing 
sequence  [1].  Due  to  the  large  separation  between  the 
solidus  and  liquidus  in  the  Si-Ge  phase  system,  dendritic 
segregation  is  prevalent  in  these  alloys.  This  requires  that 
multiple  hot  pressing  and  grinding  sequences  be  carried  out 
in  order  to  homogenize  the  alloys.  Cook  et  al.  [2]  have 
shown  the  viability  of  mechanical  alloying  (MA)  using  a  high 
energy  ball  mill  applied  to  heavily  doped  Si-Ge  alloys  for 
thermoelectric  applications.  The  advantage  of  MA  over 
conventional  techniques  is  that  alloying  is  carried  out  at 
ambient  temperatures  and  a  homogeneous  alloy  is  produced 
in  a  single  MA  +  hot  uniaxial  pressing  (HUP)  step.  A  further 
advantage  is  that  volatile  phosphorous,  the  n-type  dopant,  is 
incorporated  into  the  alloy  at  room  temperature  in  a  sealed 
vial  rather  than  to  a  melt  at  high  temperature  as  is 
conventionally  done.  Cook  et  al.  [3]  have  shown  that  second 
phase  oxygen  has  deleterious  effects  on  the  thermoelectric 
properties  of  n-type  Si-Ge  alloys.  The  MA  process  allows  for 
the  handling  of  precursor  materials  and  the  alloyed  powders 
under  a  purified  He  atmosphere  provided  by  a  glove  box,  thus 
avoiding  the  reaction  of  the  fine  powders  with  air. 
Conventionally  prepared  material  can  contain  a  much  higher 
level  of  second  phase  oxygen  than  MA  materials  due  to 
powder  handling. 

Mechanical  alloying  has  been  applied  to  Si-Ge 
thermoelectric  alloys  on  a  laboratory  scale.  This  is  due  to  the 
fact  that  the  milling  equipment,  a  Spex  8000  mixer/mill,  is 


capable  of  alloying  only  5-6  grams  of  powder  at  a  time. 
Samples  produced  at  the  Ames  Laboratory  consist  of  vacuum 
hot  pressed  1.27cm  diameter  cylinders  approximately  2.5  cm 
in  length.  The  scaleup  from  laboratory  to  industrial 
production  requires  larger  volumes  of  powder  to  prepare 
large  hot  pressed  billets  called  “pucks”  from  which 
thermoelements  for  RTG’s  are  machined.  Other  milling 
equipment  is  available  that  is  capable  of  producing  MA 
powder  in  larger  quantities.  To  avoid  the  problem  of  oxygen 
contamination,  preparation  of  Si-Ge  pucks  needed  to  be 
carried  out  at  the  Ames  Laboratory.  Hot  isostatic  pressing 
(HIP)  was  thus  attempted. 

Experimental 

As  reported  by  Cook  et  al.  [4J  MA  has  been  applied 
on  the  laboratory  scale  to  prepare  GaP  and  P  doped  n-type  Si- 
Ge  alloys  with  high  figures  of  merit.  Production  of  the  MA 
powder  for  large  scale  HIPing  was  carried  out  in  the  same 
manner  as  for  the  laboratory  scale  alloys.  Initial  components 
consisted  of  Si  (Hemlock  Semiconductor),  Ge  (Cabot 
Berylco),  GaP  (Cerac)  and  P  (Cerac).  All  of  the  starting 
materials  were  added  to  a  round  ended  hardened  steel  vial  as 
+20  mesh  chunks  in  order  to  lower  the  oxygen  content  in  the 
alloys  introduced  from  surface  oxide  layers.  The  material 
was  ball  milled  for  2  hours  to  form  a  mixed  powder.  Five 
grams  of  the  premilled  powder  were  removed  and  added  to  a 
flat  ended  hardened  steel  vial.  This  powder  was  then  milled 
for  6  hours  to  form  an  alloy.  Multiple  MA  millings  w'ere 
used  to  accumulate  powder  for  HIPing  whereas  one  6  hour 
MA  milling  provided  all  the  powder  necessary  for  one  HUP 
consolidation.  Handling  of  the  elemental  components  and 
MA  powder  was  performed  in  a  purified  He  filled  glove  box. 
Table  1  summarizes  the  sample  compositions  and 
consolidation  technique.  The  greek  letter  designates  an 
individual  HUP  sample  consolidation. 

HUP  Samples 

HUP  samples  were  prepared  by  loading  four  grams 
of  MA  powder  were  loaded  into  a  1.27  cm  graphoil  lined 
graphite  die.  The  powder  was  pressed  in  an  RF  vacuum 
furnace  at  1 130°C  and  an  applied  pressure  of  140  MPa  for  45 
minutes  after  which  the  pressure  was  released  and  the  sample 
was  allowed  to  furnace  cool.  Samples  were  then  sectioned 
from  the  compact  and  given  a  “reset”  heat  treatment  at 
1050°C  for  20  minutes.  One  sample,  A92|3,  w,as  pressed  for 
60  minutes. 
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HIP  Samples 

HIP  samples  were  prepared  by  packing  the  MA 
powder  into  a  cylindrical  graphoil  lined  Ta  HIP  vessel.  A  Ta 
lid  was  pressure  fit  into  the  vessel  and  e-beam  welded  under 
vacuum.  Each  HIP  vessel  was  held  in  the  vacuum  port  of  the 
e-beam  welder  overnight  to  remove  residual  He  in  the  vessel 
before  the  lid  was  e-beam  welded  in  place. 

Two  types  of  HIP  vessels  were  used.  Initial  HIP 
vessels  were  cylindrical  Ta  vessels  with  wall  thickness  of 
0.05  cm,  diameter  of  1.91  cm,  and  height  of  3.8  cm.  This 
vessel  type  was  used  on  samples  designated  HIP-2,  HIP-5a, 


compact.  In  the  longitudinal  direction  HIP-5a  has  large 
grains  in  the  10-20 jam  range  with  most  grains  approximately 
15  p.m.  The  transverse  section  showed  a  very  fine  grain 
structure  with  grain  sizes  of  -lpm  and  an  occasional  large 
grain  of -20pm. 

The  microstructure  of  HIP-10  exhibited  longitudinal 
grains  that  appear  to  be  in  the  10-20pm  range.  The  grains  in 
the  transverse  section  are  larger  and  in  the  range  of  —12  - 
-40  pm.  The  difference  in  grain  size  between  the  transverse 
and  longitudinal  directions  does  not  appear  to  be  as 
significant  as  for  the  HIP-5a  compact.  It  would  thus  appear 
that  the  aspect  ratio  of  the  HIP  vessel  greatly  influences  the 


Table  1  Composition  and  consolidation  conditions  for  n-type  SigoG^o  alloys.  All  alloys  were 
consolidated  at  1 130°C  and  140  MPa. 


Sample 

Composition 

Consolidation  Method 

Consolidation  Time 
(minutes) 

A92a 

si0.785Ge0.196Ga0.006p0.019 

HUP 

45 

A92(3 

Si0.785Ge0. 196ca0.006p0.0 1 9 

HUP 

60 

A93a 

si0.780Ge0.195Ga0.013p0.025 

HUP 

45 

A95a 

si0.778Ge0.195Ga0.013p0.028 

HUP 

45 

A96p 

S*0.776Ge0. 1 94Ga0.013p0.030 

HUP 

45 

A99a 

S>0.776Ge0.194Ga0.008p0.030 

HUP 

45 

HIP-2 

s'0.785Ge0. 1 96Ga0.006p0.01 9 

HIP 

45 

HIP-5a,  5b 

S'0.788Ge0.197Ga0.005p0.01 5 

mp 

45 

HBP-7  through 
HIP-18 

S<0.788Ge0. 197Ga0.005p0.01 5 

HEP 

45 

A101-1  through 
A101-4 

si0.791Ge0.198Ga0.004p0.01 1 

mp 

45 

and  HIP-5b.  The  final  vessels  used  for  the  production  of  large 
compacts  were  constructed  from  0.05  cm  thick  Ta  with  5.08 
cm  diameter  x  3.81  cm  length.  These  vessels  were  filled  with 
approximately  80  gm  of  packed  powder.  The  vessel  was 
HEPed  at  1130°C  for  45  minutes  under  an  applied  pressure  of 
137  MPa.  The  furnace  temperature  was  ramped  from  25- 
900°C  at  10°C/min,  900-1 130°C  at  5°C  /min,  and  then 
furnace-cooled  to  room  temperature  following  pressing. 
This  heating  schedule  is  the  same  as  that  for  the  HUP 
samples.  Each  HIP  sample  was  given  a  1050°C  thermal 
treatment  for  20  minutes.  Samples  designated  HIP-7  through 
HIP- 18  and  A101-1  through  A101-4  were  produced  in  this 
manner.  One  important  difference  between  the  HUP  and  HIP 
is  that  the  vacuum  HUP  used  a  die  which  was  exposed  to  the 
vacuum  system  whereas  the  HIP  samples  were  sealed  in  a  Ta 
vessel  thus  trapping  any  P  vapor  that  developed  during  the 
thermal  excursion. 

Characterization 

Metallography 

The  HIP-5a  and  HIP- 10  compacts  were  sectioned 
such  that  a  longitudinal  (top  face)  and  transverse  (side) 
portion  could  be  examined  by  optical  metallography.  The 
grain  size  of  HIP-5a  was  not  uniform  throughout  the 


size  and  shape  of  the  grains.  It  is  assumed  that  HIP-2  has  the 
same  type  of  microstructure  as  HIP-5a  due  to  the  identical 
type  HIP  vessel  used. 

Oxygen  Determination 

The  oxygen  content  of  selected  HUP  and  HIP  alloys 
was  determined  by  neutron  activation  by  Nicolet  Imaging 
Systems-Radiation  Processing  Group.  Values  obtained  for 
different  alloys  are  presented  in  Table  2.  These  values  are 
consistent  with  low  oxygen  n-type  Si-Ge  alloys  prepared  by 
Cook  et  al.  [3]. 

Table  2.  Total  oxygen  content  determined  by  neutron 
activation.  A92-H  is  a  HUP  alloy  prepared  identically  to 
A92a,  the  rest  are  HIP. 


Sample 

Oxygen  (at.%) 

HIP-2 

0.4 

HIP- 10 

0.05 

A101-4 

0.21 

A92-H 

0.2 
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Properties 


Chemical  Analysis 

Several  samples  were  examined  by  Inductively 
Couple  Plasma-Atomic  Emission  Spectroscopy  (ICP-AES) 
and  Laser  Ionization  Mass  Spectroscopy  (LIMS).  ICP-AES 
was  used  to  determine  P  and  Ga  contents  following  hot 
consolidation.  LIMS  was  used  to  characterize  impurities 
from  sources  such  as  wear  debris  from  the  milling  vessels. 

Table  3  shows  the  nominal  and  measured  P  and  Ga 
content  in  a  number  of  the  alloys.  It  can  be  seen  that  the 
actual  amount  of  P  in  the  HUP  alloys  varies  substantially 
from  the  nominal  amount.  The  measured  amount  of  P  is 
much  closer  to  the  nominal  amount  for  the  HIP  alloys.  HIP-7 
through  HIP-15  show  that  the  final  P  content  is  consistent 
from  one  sample  to  the  next.  Note  that  HIP-5b  has  a  lower  P 
content  than  the  remaining  HIP  samples  with  the  same 
nominal  composition.  It  is  unknown  why  this  sample  would 
have  a  greater  loss  of  P  following  hot  consolidation. 

Table  3.  Nominal  phosphorous  and  gallium  concentrations. 
Actual  P  and  Ga  contents  were  determined  by  ICP-AES 
following  hot  consolidation. 


Sample 

Nominal 

P  at.% 

Actual 

P  at.% 

A90a 

1.25 

1.1 

A91a 

2.0 

1.56 

A92a 

1.8 

1.28 

A92p 

1.8 

1.47 

A93a 

2.5 

1.87 

HIP-2 

1.8 

1.56 

HIP-5b 

1.5 

1.13 

HIP-7 

1.5 

1.36 

HIP- 10 

1.5 

1.39 

HIP-12 

1.5 

1.36 

HIP-15 

1.5 

1.36 

LIMS  data  for  trace  element  imprities  is  presented 
in  Table  4.  A101-2  had  a  slightly  lower  Fe  content  than  the 
other  A 101  compacts;  but  HIP  15  was  higher  than  A 10 1-3 
and  A 10 1-4.  Portions  of  the  Si-Ge  in  the  A 10 1-3  compact 
were  in  contact  with  the  Ta  HIP  vessel,  but  this  did  not 
contribute  to  a  higher  Ta  level  in  the  alloy.  The  level  of  Ta 
contamination  is  low  in  all  of  the  alloys.  Graphoil  facilitates 
the  removal  of  the  sample  and  does  not  appear  to 
significantly  affect  the  carbon  content. 

Table  4.  Impurities  in  MA  +  HIP  alloys  as  determined  by 
Laser  Ionization  Mass  Spectroscopy.  The  values  are  in  ppm 
atomic.  Determination  of  C  is  subject  to  relatively  large 
errors.  X-l  refers  to  a  spot  near  the  edge  of  the  compact 
which  was  in  direct  contact  with  the  Ta  vessel  graphoil.  The 
x-2  refers  to  a  spot  near  the  center  of  the  compact. 


Sample  ID 

Fe 

C 

Ta 

HIP- 15 

420 

7.3 

1.9 

A101-2 

170 

58 

2.9 

A101-3  x-l 

230 

25 

0.34 

A101-3  x-2 

320 

40 

0.62 

A101-4 

460 

10 

0.10 

Electrical 

Electrical  characterization  of  the  HIP  and  HUP 
alloys  consisted  of  room  temperature  Hall  effect 
measurements,  shown  in  Table  5,  and  measurements  of  the 
temperature  dependence  of  resistivity  and  Seebeck 
coefficients  to  1000°C.  The  high  temperature  measurements 
are  represented  in  Table  6  as  integrated  averages  of 
resistivity,  Seebeck  coefficient,  and  power  factor  in  the  range 
of  300°C  to  1000°C. 

The  carrier  concentration  values  given  in  Table  5 
illustrate  the  change  in  carrier  concentration  with  sample 
composition.  Nearly  optimized  figures  of  merit  have  been 
observed  in  Si-Ge  alloys  doped  with  GaP  and  P  having  a 
carrier  concentration  in  the  2.5-3.0xl020  cm-3  range,  as 
shown,  for  example,  by  Scoville  et  al.  [5],  Alloys  of  the  A92 
composition  fall  within  or  close  to  that  range  and  this 
composition  was  chosen  for  the  first  HIP  sample,  HIP-2.  It 
can  be  seen  in  Table  5  that  the  HIP-2  alloy  has  a  much  higher 
carrier  concentration  than  the  corresponding  HUP 
counterparts.  The  P  content  of  HIP-2  is  much  higher  than 
that  of  the  HUP  alloy  A92  as  discussed  above,  which 
indicates  that  the  HIP  approach  does  not  allow  the  escape  of 
P  vapor  during  consolidation.  The  nominal  phosphorus 
composition  of  alloys  consolidated  by  HIPing  must  therefore 
be  lower  than  corresponding  HUP  alloys  to  compensate  for 
the  fact  that  P  is  not  lost  to  the  vacuum  system  as  it  is  in  the 
HUP.  The  HIP-5  alloys  had  a  nominal  composition  designed 
to  lower  the  carrier  concentration.  It  can  be  seen  that  this 
was  achieved,  but  as  mentioned  above,  these  alloys  possessed 
an  anisotropic  microstructure.  The  HIP-7  through  HIP- 18 
compacts  were  prepared  with  larger  diameter  and  shorter 
vessels.  It  can  be  seen  that  the  carrier  concentration 
increased  for  these  alloys  compared  with  the  HIP-5  compacts. 
The  HIP-5  compacts  and  the  HIP-7-HIP-18  compacts  have 
the  same  composition,  but  the  carrier  concentrations  are 
much  higher  in  the  2”  diameter  compacts.  The  behavior  of 
the  2”  compacts  indicates  that  the  nominal  P  level  needs  to 
be  reduced  in  order  to  obtain  Z  similar  to  the  laboratory  scale 
samples  of  0.94xl0'3  C'1.  The  carrier  concentration  of  all 
HIP  billets  with  the  A 100  composition  is  too  high,  yet  the 
mobility  is  the  highest  possible  for  the  given  carrier 
concentration  based  on  extrapolating  Dismukes  zone  leveled 
Si-Ge  data  to  higher  carrier  concentration  values. 

The  A 101  alloys  had  a  nominal  composition 
intended  to  lower  the  carrier  concentration  to  the  2.5  x  1020 
cnf3  range.  Hall  measurements  of  A101-2  indicated  that  the 
target  concentration  n  of  2.5xl020  cm'3  was  not  attained,  but 
n  was  reduced  by  14  percent.  Although  the  desired  carrier 
concentration  was  not  achieved,  it  was  lowered  to  the  point 
where  the  figure  of  merit  Z  was  improved,  as  discussed 
below.  As  seen  in  Table  5,  the  carrier  concentration  for  the 
A 101  series  of  alloys  decreases  with  each  subsequent  sample. 
The  carrier  concentration  for  A 10 1-4  is  in  the  targeted  range 
of  2. 5-2. 8  x  1020  cm'3,  but  the  mobility  is  about  10%  lower 
than  the  value  of  45  expected  with  this  carrier  concentration. 
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One  possible  explanation  for  the  low  mobility  in  the  A 10 1-3 
and  A101-4  alloys  is  that  increased  wear  debris  from  the 
grinding  media  would  iron  disilicide  or  germinide  scattering 
centers.  The  LIMS  data  in  Table  5  tends  to  supports  this 
idea.  Another  possability  is  that  the  actual  HIP  temperature 
was  lower  than  1130°C  target.  This  would  lead  to  smaller 
grain  sizes  and  reduced  mobility  due  to  grain  boundary 
scattering. 

Table  5.  Room  temperature  Hall  effect  properties  for  HUP 
and  HIP  alloys. 


Sample 

- ;  ,  ov 

n(xl0  cm  ) 

p  (niQ-cm) 

|4  (cm2/V-s) 

A92ot 

2.78 

0.599 

37.7 

A92p 

3.08 

0.51 

40.0 

A93a 

3.10 

0.50 

40.4 

A95a 

3.26 

0.442 

43.4 

A96p 

3.80 

0.445 

37.0 

A99a 

3.29 

0.467 

40.7 

HIP-2,  S-l 

3.53 

0.46 

38.8 

HIP-2,  S-2 

3.60 

0.45 

38.3 

HIP-5a 

2.45 

0.51 

50.0 

HIP-5b 

2.44 

0.52 

49.7 

HIP-7 

3.42 

0.45 

40.1 

HIP-10 

3.45 

0.45 

39.2 

HIP-12 

3.44 

0.46 

39.3 

HIP-15 

3.45 

0.46 

39.6 

HIP-16 

3.36 

0.47 

39.4 

HIP-17 

3.37 

0.47 

39.6 

HIP-18 

3.47 

0.47 

38.4 

A101-2 

2.95 

0.51 

41.4 

A101-3 

2.80 

0.54 

41.6 

A101-4 

2.76 

0.55 

41.2 

The  integrated  average  power  factors  for  the  HUP 
samples  from  Table  6  range  from  31.4  for  A92a  to  36.6 
p.W/cm-°C2  for  A93a.  The  changes  in  composition  affected 
the  resistivity  more  than  the  Seebeck  coefficient. 

There  is  also  a  spread  in  the  power  factor  data  for 
the  HIP  alloys.  HIP-2  did  not  duplicate  the  values  in  the  A92 
alloys.  As  was  mentioned  above,  the  carrier  concentration  of 
HIP-2  was  much  higher  than  that  of  the  HUP  counterpart. 
However,  the  integrated  average  power  factor  is  higher  for 
HIP-2  than  for  A92a.  The  exact  reason  for  this  is  not 
known,  but  it  may  be  an  artifact  of  the  anisotropic 
microstructure.  The  loss  of  P  in  the  hot  consolidation  of  the 
MA  powders  plays  an  important  role  in  properties  of  the  HUP 
alloys. 

Both  HIP-5a  and  HIP-5b  have  higher  integrated 
average  power  factors  than  HIP-2  and  A92a.  This 
demonstrates  that  lowering  the  carrier  concentration  to  the 
desired  range  results  in  higher  performance.  Comparing  the 
integrated  average  resistivity,  Seebeck,  and  power  factor  of 
the  HIP-5  alloys  with  the  HIP-7  -  HIP-17  alloys,  it  can  be 
seen  that  both  the  resistivity  and  Seebeck  increased  which 
lead  to  an  overall  decrease  in  the  power  factor.  Changing  the 
shape  of  the  HIP  vessel  apparently  led  to  higher  P  retention 
which  resulted  in  a  higher  carrier  concentration.  These 
results  again  demonstrate  the  neccessity  for  maintaining  the 
carrier  concentration  in  the  correct  range. 


Table  6.  Integrated  average  electrical  high  temperature 
property  data  from  300-1000°C  for  n-type  Sig0Ge2o  alloys. 


Sample 

<P> 

(mQ-cm) 

<S> 

(nV/°C) 

<PF> 

(^iW/cm-°C2) 

A92a 

1.38 

-205.6 

31.4 

A92p 

1.17 

-200.5 

34.7 

A93a 

1.17 

-205.5 

36.6 

A95a 

1.21 

-203.3 

35.1 

A96p 

1.15 

-193.9 

33.4 

A99a 

1.13 

-195.0 

34.3 

HIP-2 

1.23 

-204.0 

34.8 

HIP-5a 

1.12 

-215.5 

41.4 

HIP-5b 

1.23 

-217.7 

38.6 

HIP-7 

1.26 

-200.8 

32.5 

HIP- 10 

1.25 

-201.0 

32.3 

HIP- 15 

1.25 

-200.9 

33.3 

HIP-17 

1.22 

-201.1 

33.7 

A101-2 

1.29 

-210.7 

35.3 

A101-3 

1.32 

-210.3 

34.4 

The  A 101  series  of  alloys  employed  the  same  5.08 
cm  diameter  HIP  vessels  as  HIP-7  through  HIP- 18,  but  the  P 
and  Ga  levels  were  decreased  in  order  to  lower  the  carrier 
concentration.  A 10 1-2  demonstrated  that  the  reduction  in  P 
from  1.5%  to  1.1%  gave  an  increase  in  the  average  Seebeck 
coefficient  while  the  resistivity  remained  relatively 
unchanged.  This  led  to  A101-2  having  an  average  power 
factor  of  3 5. 3  pW/cm-°C2 compared  to  32-33  pW/cm-°C2for 
the  A100  composition  samples.  A101-3  had  a  5-6%  higher 
resistivity  than  A101-2.  A  portion  of  this  sample  was  in 
contact  with  the  Ta  HIP  vessel  during  consolidation,  however 
LIMS  analysis  indicated  that  an  increased  Ta  content  did  not 
affect  the  electrical  properties.  LIMS  results  indicated  that 
this  was  probably  not  the  case. 


Thermal  conductivity  and  Figure  of  Merit 

Thermal  diffusivity  was  measured  using  a  laser  flash 
diffusivity  method  as  described  in  Kokos  et  al.  [6].  Table  7 
summarizes  data  for  both  HIP  and  HUP  samples. 

Table  7.  Integrated  average  thermal  conductivity  X  and 
figure  of  merit  Z  from  300-1000°C  for  HUP  and  HIP  n-type 
SiGe  alloys. 


Sumple  <A>  (niW/cm-°C)  <Z>  (xlO°  °C-1) 


HIP-2 

44.0 

0.80 

HIP-5a 

44.5 

0.94 

HIP-7 

38.6 

0.84 

HIP-10 

39.5 

0.82 

HIP- 15 

38.7 

0.86 

HIP- 17 

39.6 

0.85 

A101-2 

38.7 

0.92 

A923 

37.5 

0.94 

Both  HIP-2  and  HIP-5a  have  relatively  high  thermal 
conductivities  typical  of  high  mobility  low  oxygen  n-type 
alloys.  The  thermal  conductivities  of  both  of  these  alloys  is 
nearly  identical  to  that  measured  in  a  previous  study  of 
HUPed  n-type  Si-Ge  doped  with  1.6  %  GaP  and  a  P/Ga  ratio 
of  3.125:1  with  a  low  oxygen  content  of  0.2  at.  %3.  As 
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previously  mentioned,  the  grain  structure  of  HIP -2  and  HIP- 
5a  was  nonuniform.  This  may  account  for  the  high  thermal 
conductivity  values  for  these  two  samples.  The  thermal 
conductivity  for  the  other  HIP  alloys  using  the  A 100 
composition  is  fairly  uniform,  ranging  from  38.6  to  39.6 
mW/cm-°C. 

A 10 1-2  had  an  integrated  average  thermal 
conductivity  similar  to  that  of  the  2”  diameter  compacts  with 
the  A100  composition.  A101-3  has  a  higher  thermal 
conductivity  than  A101-2,  as  well  as  a  lower  power  factor  as 
discussed  above. 

The  highest  Z  attained  was  on  HIP-5a,  but  that  may 
be  due  to  the  anisotropic  microstructure.  HIP-7  through  HIP- 
17  had  lower  integrated  average  Z’s  in  the  low  0.8  to  0.85  x 
10'3  °C~1  range.  A101-2  had  a  higher  Z,  demonstrating  the 
value  of  lowering  the  carrier  concentration. 

Summary 

Two  inch  diameter  compacts  of  P  and  GaP  doped  Si- 
Ge  can  be  prepared  via  MA  and  HIPing.  These  alloys  can 
attain  the  high  power  factors  and  figures  of  merit 
demonstrated  by  the  laboratory  scale  samples.  Due  to  the 
differences  in  hot  consolidation  between  the  HIP  and  HUP,  it 
is  impossible  to  identify  one  composition  that  will  perform 
equally  under  both  preparation  techniques.  Phosphorous  loss 
and  solubility  is  different  in  both  consolidation  techniques. 
Changing  the  HIP  vessel  shape  can  result  in  changes  in 
carrier  concentration. 
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Abstract 

Lead  chalcogenides  and  their  solid  solutions  exhibit  a 
retrograde  solubility  of  lead  and  chalcogens  that  can  re¬ 
sult  in  the  precipitation  of  excess  components  and  degra¬ 
dation  of  electrical  properties  when  this  materials  are  used 
at  temperatures  lower  then  their  fabrication  temperature. 
The  kinetic  of  precipitation  of  lead  and  chalcogens  from 
supersaturated  single  crystals  PbSe,  PbTe,  and  their  solid 
solution  has  been  studied  in  this  work.  Single  crystals  were 
grown  from  vapour  phase  by  a  sublimation  procedure  in  a 
vertical  quartz  ampoules.  Sample  treatment  times  ranged 
from  2  min  to  several  hundred  hours  at  three  temperatures 
for  both  lead-  and  chalcogen-saturated  crystals.  Based  on 
the  analysis  of  the  kinetic  data  the  activation  energy  of 
precipitation  was  estimated  and  compared  with  the  acti¬ 
vation  energy  of  diffusion  of  lead  and  chalcogens. 

Introduction 

The  electrical  and  thermoelectric  properties  of  crystals 
depend  on  the  composition  and,  consequently,  on  the  fab¬ 
rication  method  and  preparation  conditions.  The  compo¬ 
sition  of  crystals  grown  from  the  melt  corresponds  to  the 
homogeneity  boundary  at  a  growth  temperature.  Crys¬ 
tal  of  lead  chalcogenides  possessing  the  concentration  of 
cations  or  anions  close  enough  to  the  homogeneity  bound¬ 
ary  at  a  given  temperature  will  become  supersaturated  in 
that  ions  at  lower  temperatures  due  to  a  retrograde  sol¬ 
ubility,  i.e.  a  narrowing  of  the  compound  homogeneity 
range  at  lower  temperature  (Fig.  1).  The  supersaturated 
component  may  be  disposed  of  by  an  internal  precipita¬ 
tion  process,  in  which  the  excess  atoms  diffuse  from  nor¬ 
mal  sites  to  precipitation  centers  such  as  clusters,  disloca¬ 
tions,  grain  boundaries  where  they  deposit  out  as  electri¬ 
cally  neutral  atoms  forming  microsegregations  [l]-[3] .  In 
this  process  the  concentration  of  donor  or  acceptor  levels 
in  the  crystals  is  reduced  to  the  maximum  value  appropri¬ 
ate  for  the  lower  temperature  that  leads  to  the  change  of 
electrical  properties  (carrier  concentration,  thermopower, 
electrical  conductivity).  Changes  in  composition  and  elec¬ 
trical  properties  of  crystals  resulting  from  the  precipita¬ 
tion  of  one  of  the  components  can  cause  the  uncontrollable 
degradation  of  device  characteristics  during  operation. 

The  concentration  of  nonstoichiometric  lead  or  chalco- 
gen  atoms  is  related  to  the  carrier  concentration.  This 
relationship  is  based  on  the  assumption  that  each  excess 
lead  atom  introduces  a  donor  and  each  excess  chalcogen 
atom  introduces  an  acceptor.  During  the  precipitation  the 


supersaturated  atoms  deposit  out  to  the  electrically  in¬ 
active  state.  Therefore,  the  precipitation  kinetic  can  be 
monitored  by  Hall  effect  measurements,  a  technique  that 
provides  direct  means  for  determination  the  number  of  pre¬ 
cipitated  atoms. 


Fig.l  Schematic  PbTe  homogeneity  range  and  precipita¬ 
tion  process. 

Material  preparation 

Single  crystals  of  PbSe-PbTe  solid  solution  were  grown 
from  vapour  phase  by  a  sublimation  procedure  in  a  vertical 
quartz  ampoule  [4].  A  temperature  profile  of  the  growth 
furnace  and  an  ampoule  position  is  shown  schematically 
in  Fig. 2.  The  avacuated  quartz  ampoule  with  a  charge 
was  placed  into  the  furnace  so  that  an  upper  vault  was 
situated  in  the  high-temperature  furnace  zone  to  clean  the 
inner  ampoule  surface  from  the  accidental  crystallization 
centers.  Then  the  ampoule  was  risen  in  the  growth  posi¬ 
tion  as  it  is  shown  in  Fig. 2.  When  evaporated  from  the 
melt  the  vapour  is  condensed  on  the  upper  ampoule  vault, 
forming  liquid  drops.  These  drops  were  merged  one  with 
other  forming  a  continuous  liquid  layer  which  covered  to¬ 
tally  the  ampoule  vault.  The  ampoule  was  risen  and  its 
upper  vault  turned  out  in  lower  temperature  region  where 
the  crystallization  of  the  melt  could  take  place.  The  crys¬ 
tallization  heat  was  taken  away  by  means  of  a  quartz  rod 
soldered  to  the  ampoule  that  promoted  an  appearance  the 
only  initial  crystal  in  the  central  part  of  the  vault  opposite 
the  rod. 
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The  evaporation  and  condensation  temperatures  were 
selected  experimentally  so  that  during  the  growth  process 
the  crystal  surface  was  separated  from  the  vapour  phase 
by  thin  liquid  layer.  The  ampoule  rise  rate  (0.2-0. 4  mm/h) 
was  close  to  the  linear  growth  rate  of  the  crystals  to  estab¬ 
lish  the  stationary  conditions  in  the  growth  ampoule.  The 
growth  process  lasted  120-170  hours  after  that  the  crystals 
were  cooled  at  a  rate  of  10-15  K/h.  Single- crystals  were 
16-20  mm  in  diameter  and  30-40  cm  long  depending  on  the 
weight  of  the  initial  charge.  Specimens  with  dimensions  of 
1-2*2*  15mm3  were  cut  from  the  single  crystals  for  further 
precipitation  investigations. 


1 - - 5* 

O  1  I  o  rp  '"T  TZ 

*  MELT.  Ijl^ 

Fig. 2  Scheme  of  the  crystal  growth  procedure. 


The  dislocation  density  was  measured  by  matallographic 
microscope  on  the  samples  chemically  etched  in  a  solution 
of  13  ml  50%  KOH,  3  ml  glycerol  and  1  ml  30%  H2O2  and 
was  1  ■  105cm“2  for  PbTe  and  PbSe  crystals  and  did  not 
exceed  3  •  105cm“2  for  solid  solution  crystals. 

The  single  crystals  grown  from  the  vapour  phase  have 
more  crystallographic  perfection  and  higher  carrier  mobil¬ 
ity  in  comparison  with  those  grown  by  Bridgman  method. 
The  material  transfer  through  the  vapour  phase  during 
the  growth  supplies  the  additional  material  cleaning  and 
small  temperature  gradient  (3-5  K/cm)  in  crystallization 
zone  does  not  cause  the  thermal  stresses  into  the  grow¬ 
ing  crystal.  These  circumstances  contribute  to  the  grow 
of  crystals  with  a  high  crystallographic  perfection. 

To  investigate  a  precipitation  kinetic  in  detail  it  is  neces¬ 
sary  to  obtain  samples  of  n-  and  p-type  conductivity  with 
a  maximum  initial  saturation.  The  samples  with  a  max¬ 
imum  solubility  of  lead  and  chalcogens  were  prepared  by 
vapour  diffusion  of  the  excess  component.  The  isothermal 
annealing  of  samples  was  performed  in  small  evacuated 
quartz  ampoules  with  a  charge  of  Pb0.5i(Sei_xTex)o.49  or 
Pb0.  49(Sei_xTex)o.5i  composition  to  prepare  the  crystals 


of  n-  and  p-type,  respectively.  The  charge  was  separated 
from  the  crystals  and  acted  as  a  vapour  source.  The  mole 
fraction  of  lead  telluride  (x)  in  the  charge  and  in  the  crys¬ 
tals  was  the  same.  Annealing  conditions  to  prepare  lead- 
saturated  crystals  were  1050-1120  K  for  72  hours  and  to 
prepare  chalcogen-saturated  crystals  -  923  K  for  120  hours. 
After  the  annealing  procedure  ampoules  were  quenched  in 
ice  water  and  the  specimens  were  polished  to  remove  any 
remnants  of  vapour  etching. 

It  is  difficult  to  quench  the  lead  chalcogenides  crystals 
sufficiently  rapidly  from  high  temperature  to  freeze  the 
composition  established  at  the  high  temperature  near  the 
homogeneity  boundary,  thus  the  quenching  rate  from  the 
temperatures  above  923  K  is  considered  to  be  ineffective 
[5].  Therefore,  it  is  likely  that  some  precipitation  occurred 
during  the  quench  after  vapour  treatment  that  resulted 
in  the  unreproducibility  of  solidus  line  determination  for 
chalcogen  rich  lead  chalcogenides  [4,  5]. 

Precipitation  study 

The  precipitation  kinetic  in  single  crystals  PbSe,  PbTe 
and  their  solid  solutions  was  studied  at  temperatures 
473 K,  523  K  for  chalcogen-saturated  crystals  and  at  673  K 
for  lead-saturated  crystals.  It  was  accomplished  by  the  pe¬ 
riodic  freezing  the  precipitation  process  by  quenching  and 
room  temperature  Hall  effect  measurement  to  determine 
the  time  dependence  of  carrier  concentration. 

The  samples  were  placed  in  a  11-mm  OD  quartz  am¬ 
poule  about  7  mm  long.  The  ampoule  was  evacuated, 
back-filled  with  argon  at  a  pressure  of  about  300  Torr, 
and  sealed.  It  was  then  placed  in  the  center  of  a  pre¬ 
heated  resistance  furnace  containing  a  cylindrical  stainless- 
steel  liner.  The  sample  temperature  was  monitored  with  a 
Pt-Pt,10%  Rh  thermocouple  placed  next  to  the  ampoule. 
The  annealing  time  ranged  from  2  min  to  several  hun¬ 
dred  hours.  Periodically  the  annealing  was  interrupted, 
the  ampoules  were  quenched  in  cold  water,  opened  and 
carrier  concentration  was  measured.  Then  the  specimens 
were  sealed  again  and  the  annealing  for  another  time  was 
performed. 

Several  samples  with  a  different  thickness  were  used 
for  each  composition  and  at  each  annealing  temperatures, 
thereby  providing  an  indication  of  the  independence  of  the 
heat  treatment  and  quenching  conditions  upon  the  sam¬ 
ple  thickness.  The  carrier  concentration  difference  of  sev¬ 
eral  samples  with  an  equal  composition  and  with  different 
thickness  was  less  than  7%. 

Results  and  discussion 

The  isothermal  annealing  curves  are  presented  in  Figs. 
3-5.  After  completion  of  precipitation  process  the  carrier 
concentration  was  about  an  order  of  magnitude  lower  than 
initial  one  except  for  lead-saturated  samples  of  PbTe  and 
PbSeo.08Teo.92  where  the  concentration  drop  was  negligi¬ 
ble.  The  kinetic  curves  may  be  described  by  the  following 
expression  [6]: 
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f(t)  =  _  7T  =  1  -  exp{-{t/T)n)  (1) 

t'o 

where  f(t)  is  the  fraction  precipitated  after  time  t ,  param¬ 
eters  C0}  Ctl  and  Ce  are,  respectively,  the  carrier  concen¬ 
tration  at  the  initial  moment  t  =  0,  at  moment  of  time 
and  at  equilibrium  after  completion  of  precipitation,  r  - 
is  the  time  constant,  n  is  the  power  constant.  The  time 
and  power  constants  can  provide  information  about  the 
rate-limiting  process  and  the  shape  of  the  precipitation 


Fig. 3  Kinetic  curves  of  isothermal  annealing  of  p-type 
PbSei_xTex  at  523  K. 


Annealing  time,  hours 

Fig. 4  Kinetic  curves  of  isothermal  annealing  of  p-type 
PbSei_xTex  at  473  K. 


particles  [6,  7].  If  the  equation  (1)  applies,  then  a  plot  of 
log{— /n(l  —  /(<)))  vs.  logit)  will  be  a  straight  line  of  slope 
n. 

The  typical  form  of  log{—ln{  1  —  vs.  log{t)  depen¬ 

dence  is  plotted  in  Fig. 6  by  the  results  of  the  annealing 
at  473  K  for  p-type  samples.  The  analogous  plots  for  523 
K  and  673  K  are  qualitatively  similar.  It  is  seen  that  the 
precipitation  process  can  be  divided  into  two  stages,  each 
of  which  forms  a  straight  line.  Initially  the  precipitation 
rate  was  fast  and  the  slope  n  varied  in  the  range  of  0. 9-1.1 
depending  on  sample  composition.  After  about  50-60%  of 


Fig. 5  Kinetic  curves  of  isothermal  annealing  of  n-type 
PbSei_xTex  at  673  K. 


o.l  1  10  100  1000 

Annealing  time,  hours 

Fig. 6  Fraction  precipitated  vs.  annealing  time  for  n-type 
PbSei„xTex  at  473  K. 
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the  chalcogens  have  precipitated  another  kinetic  process 
becomes  rate-controlling  as  evidence  by  the  change  in  slope 
to  a  value  n  in  the  range  of  0.25-0.35. 

From  the  straight-line  parts  of  kinetic  curves  at  473K 
and  523  K  the  activation  energies  for  precipitation  of 
chalcogens  were  estimated.  The  first  and  second  stages 
of  precipitation  are  characterized  by  the  activation  energy 
of  0.85-0.9  eV  and  1.2-1. 4  eV,  respectively,  depending  on 
sample  composition.  The  activation  energies  of  chalcogen 
diffusion  was  reported  for  p-type  PbSe  as  1.33  eV  [8]  or 
1.2  ev  [9]  and  for  p-type  PbTe  as  1.04  eV  [10]  or  0.75  eV 

[9].  The  close  agreement  the  activation  energy  of  diffu¬ 
sion  and  that  of  precipitation  is  evidence  that  diffusion 
plays  an  important  role  in  the  precipitation  of  chalcogens 
in  PbSei_xTex  solid  solution. 

According  to  the  theory  of  diffusion-limited  precipita¬ 
tion  [7]  the  value  of  n= 1  is  indicative  of  cylindrically 
shaped  particles  precipitated  on  dislocations.  The  value 
of  slope  (n)  less  than  1  indicates  that  the  number  of  pre¬ 
cipitation  sites  is  diminishing  with  time  or  that  the  precip¬ 
itation  process  is  being  supplanted  by  one  or  more  slower 
competing  processes  leading  to  a  lower  carrier  concentra¬ 
tion.  Such  processes  may  be  considered  to  be  an  inter¬ 
action  of  point  defects  to  form  polyatomic  molecules  or 
polyvacansies,  which  may  not  carry  a  charge. 

It  may  be  noted  that  the  estimated  precipitation  rate  of 
the  chalcogens  at  673  K  is  two  or  three  orders  of  magni¬ 
tude  faster  than  precipitation  rate  of  lead  in  spite  of  the 
diffusion  of  lead  is  more  than  an  order  of  magnitude  faster 
than  that  of  chalcogens  [8]-[10].  This  fact  can  be  explained 
taking  into  account  the  predominant  point  defects  which 
exist  in  n-  and  p-type  lead  chalcogenides.  The  possible 
model  of  predominant  point  defects  in  lead  chalcogenides 
is  based  on  the  model  of  Frenkel  disorder  in  metal  sub¬ 
lattice  [8,  10,  11],  i.e.  lead  interstituals  for  n-type  and 
lead  vacancies  for  p-type.  Therefore,  if  precipitation  oc¬ 
curs  by  nucleation  on  vacancies  then  the  number  of  vacan¬ 
cies,  available  as  nucleation  sites  would  be  many  orders 
of  magnitude  greater  for  chalcogen  precipitation  than  for 
lead  precipitation. 

Conclusions 

The  present  study  shows  that  the  crystals  of  lead  chalco¬ 
genides  become  thermodynamically  nonequilibrated  when 
an  initial  concentration  of  excess  component  exceeds  the 
maximum  solubility  of  the  component  at  operating  tem¬ 
perature.  This  nonequilibrium  results  in  precipitation  of 
supersaturated  component  to  electrically  inactive  state. 
The  same  phenomena  can  take  place  in  case  of  doping  of  a 
compound  with  an  excess  of  foreign  electroactive  dopant. 

At  temperatures  500-600  K  the  precipitation  kinetic  in 
lead  chalcogenides  is  fast  enough  to  diminish  the  concen¬ 
tration  of  supersaturated  components  to  an  order  of  mag¬ 
nitude  and  complete  the  precipitation  process  for  one  hun¬ 
dred  hours.  This  changes  cause  the  uncontrollable  degra¬ 
dation  of  device  characteristics  during  operation.  There¬ 
fore,  to  improve  the  reliability  of  the  materials  operating  at 


relatively  high  temperatures  an  attention  should  be  paid 
to  the  problem  of  possible  supersaturation  with  a  compo¬ 
nent  or  dopant  due  to  a  retrograde  solubility. 
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Ab  stract 

As  a  part  of  the  national  project  in  Japan,  the  experimental 
examination  and  investigation  have  been  carried  out  on  PbTe 
compounds  and  their  functionally  graded  material(FGM)  with 
a  view  to  an  enhancement  of  thermoelectric  energy  conversion 
efficiency.  The  experiments  consist  of  preparation  and 
thermoelectric  characterization  of  n-type  PbTe  melt-grown  and 
sintered  non-FGM  and  FGM.  The  electron  concentration  in 
the  non-FGM  single  crystals  was  controlled  in  the  range  from 

5X 1023  to  5X 102^  /m3  by  doping  700-6000  molppm  Pb^. 

The  FGM  structure  for  PbTe  was  obtained  through  the 
unidirectional  solidification  in  a  special  growth  ampule  by 
doping  1500  and  3400  molppm  Pbl9,  in  which  carrier 

concentration  varied  continuously  along  the  growth  direction 
in  one  order  of  magnitude.  An  electron  concentration  at  the 
bottom  end  of  the  FGM  ingot  doped  with  1500  molppm  Pbl9 

was  0.82X  10  /nr  ,  and  the  figure  of  merit  was  estimated  to 

be  2X10"3  /K  at  410  K.  A  3-stage  segmented  FGM  was 
prepared  by  hot-pressing  subsequently  the  layers  with  electron 

concentrations  of  3.6,  2.6  and  2.2  X  102~*  /m3.  It  is  found  that 

the  temperature  dependence  of  electric  figure  of  ment(a  a)  for 
the  sintered  FGM  showed  a  broad  peak  and  never  came  lower 
than  those  for  the  component  non-FGM.  The  results  indicate 
that  high  efficiency  in  thermoelectric  energy  conversion  will 
be  expected  for  well-designed  FGM  structure. 

Introduction 

The  figure  of  merit(Z)  for  a  homogeneous  thermoelectric 
material  reaches  its  maximum(ZQpt)  at  a  certain  optimum 

temperature(TQpt),  and  rapidly  decreases  on  deviation  from 
Topt[l]-[3].  Therefore,  the  thermoelectric  materials  are  selected 

for  low(less  than  450  K),  intermediate(450-840  K)  and  high 
temperature(more  than  900  K),  respectively. 

Lead  telluride  is  still  among  the  best  material  used  in 
construction  of  thermoelectric  generators  working  at 
intermediate  temperate.  The  PbTe  generators  were  developed  as 
the  special  application  in  space  exploration  in  1960’s,  and 
now  constitute  the  power  supply  unit  using  heat  of  gas 


combustion[2][3]. 

As  for  a  thermoelement  arm,  ZQpt  shifts  from  low  to  high 

temperature  side  with  an  increase  of  carrier  concentration. 
Thus,  a  continuous  control  of  carrier  concentration  along  the 
temperature  profile  in  the  arm  is  expected  to  attain  high 
conversion  efficiency [4]  [5]. 

The  present  study  pursued  possibility  to  attain  high  efficiency 
by  inspecting  the  existing  data  of  Z  values  reported  for  n-type 
PbTe  and  performing  the  preparation  of  a  functionally  graded 
materials(FGM)  with  the  carrier  concentration  and  the 
investigation  into  the  thermoelectric  properties. 

Inspection  into  high  efficiency  by  FGM 

Figure  1  shows  the  relationship  between  dimensionless  figure 
of  merit(ZT)  and  carrier  concentration  for  n-type  PbTe.  The 
thin  solid  lines  correspond  to  the  relationships  estimated  on 
the  basis  of  the  experimental  data  for  the  homogeneous 
material  measured  by  Stavitskaya[6],  which  show  that  the 
temperature(Tmax)  at  the  maximum  ZT-value((ZT)max)  in 

each  curve  shifts  to  high  temperature  side  with  an  increase  of 
electron  concentration.  The  arrow  indicates  ^opb  which  also 

shifts  to  high  temperature  side  with  an  increase  of  electron 
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calculated  FGM  by  Terakl 
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Fig.l  Temperature  dependence  of  dimensionless  figure  of 
merit  ZT  for  n-type  PbTe. 
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concentration.  For  the  practical  application  of  the  PbTe 
homogeneous  thermoelectric  material,  the  carrier  concentration 

is  adjusted  at  nQpt=  3-5X10  m  ,  where  the  peak  area  in 
the  Z-T  curve  is  the  largest. 

The  dashed  line  in  the  Fig.l  indicates  the  temperature 
dependence  of  (ZT)max  calculated  by  Teraki[7]  as  a  function  of 

donor  concentration  in  FGM.  The  curve  shows  that  the  high 
ZT  or  Z  value  can  be  expected  in  the  wide  temperature  range 
for  the  FGM  with  the  carrier  concentration  gradient.  However, 
the  calculation  also  shows  that  an  increase  of  ZT  value  can 

9S  3 

not  be  expected  below  the  TQpt  at  nQpt=  3x10  m  .  The 
observed  high  (ZT)max  values  at  T<  450  K  may  have  been 

caused  from  the  temperature  dependence  of  the  physical 
properties  in  lead  chalcogenides,  which  are  the  mobility^) 

n  c  o  c 

proportional  to  T  ^T  and  the  decrease  of  the  energy 

gap(E  )  with  a  decrease  of  temperature. 

& 

Experimental 

The  experiments  consisted  of  the  preparation  and  the 
thermoelectric  characterization  of  the  n-type  PbTe  of  melt- 
grown  and  sintered  non-FGM  and  FGM.  The  iodine  doped 
single  crystals(melt-grown  non-FGM)  were  grown  by  the 
conventional  Bridgman  method  after  direct  melting  of 
constituent  elements  of  Pb  and  Te(nominal  purity  of  99.9999 
%).  The  growth  ampule  was  made  of  quartz  tube  with 
dimension  of  10  mm  ID  and  120  mm  length.The  weighed 
amount  of  the  elements  in  the  stoichiometric  composition 
(Pb/Te-1)  was  vacuum  sealed  in  the  ampule  with  Pbl2  as  the 

source  of  n-type  dopant  of  iodine.  The  amount  of  the  dopant 
was  controlled  by  weighing  100  to  16000  molppm  of  Pbl9. 

The  growth  was  performed  in  the  vertical  electric  furnace,  the 
condition  of  which  was  the  maximum  temperature  of  1223  K, 
the  temperature  gradient  of  about  1200  K/m  at  the  melting 
point  and  the  growth  rate  of  4  mm/h. 

The  melt-grown  FGM  was  made  by  unidirectional 
solidification  in  the  growth  system  shown  in  Fig.  2.  The 
source  elements  and  the  dopant  Pbl^  were  vacuum  sealed  and 

melted  in  the  ampule  of  the  special  shape.  The  melt  was 
stirred  sufficiently  using  the  rocking  and  freezing  furnace,  and 
then  solidified  by  cooling  in  the  furnace  under  controlled 
temperature  profile  without  mechanical  motion.  The 
temperature  gradient  and  the  cooling  rate  were  0.8  K/mm  and 
10  K/h,  respectively.  The  FGM  structure  resulted  due  to  the 
segregation  of  dopant. 

On  preparing  the  homogeneous  sintered  material,  a  part  of 
melt-grown  FGM  was  cut  and  ground,  and  then  sieved  at  the 
powder  size  of  74-124  \im.  The  resultant  powder  was  poured 


into  a  mold  and  hot-pressed  for  15  min  at  1100  K  under  3.3 
MPa.  The  sintered  FGM  with  3-stage  segmented  structure  was 
prepared  by  direct  hot-press  of  three  sections  subsequently 
with  high,  medium  and  low  electron  concentrations.  Each 
layer  was  adjusted  to  have  a  thickness  of  about  2  mm  and  a 
carrier  concentration  listed  in  Table  1. 

The  electrical  conductivity(cr)  and  Hall  coefficient(Rj^)  were 

measured  by  van  der  Pauw  configuration  using  the  Pt-wire 
electrode.  All  the  carrier  concentration  was  calculated  using  the 
equation  n=l/eRj_j(e:electric  charge).  The  thermoelectric 

power(a)  at  room  temperature  was  estimated  from  the  linear 
relationship  between  thermoelectromotive  force(EMF)  and 
temperature  difference  within  5  K.  The  temperature  dependence 
of  thermoelectric  properties  was  measured  by  using  Pt-13 
%Rh  thermocouples  under  the  temperature  difference  within  1 
K,  where  Pt  wire  was  adopted  for  the  EMF  probes.  The 
thermal  conductivity^ )  at  room  temperature  was  measured  by 
the  static  comparison  method  using  fused  silica. 


Temperature 


Fig. 2  Schematic  diagram  of  growth  ampule  and  temperature 
profile  for  unidirectionally  solidified  FGM  with  a  carrier 
concentration  graded  structure. 
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Results  and  discussion 

A  non-FGM  ingot  of  undoped  melt-grown  PbTe  was  p-type 

with  hole  concentration  of  3.1X10  m  .  Figure  3  shows 
the  relationship  between  carrier  concentration  and  amount(M) 
of  Pb^-  At  M=750  molppm,  the  conduction  type  changed 

from  p-  to  n-type,  and  then  carrier  concentration 
monotonously  increased  with  an  increase  of  M.  The  solid  line 
was  drawn  by  assuming  that  an  I  atom  occupies  a  Te  site  and 
acts  as  a  singly  ionizable  donor.  The  electron  concentration ne) 

was  found  to  be  controlled  in  the  region  of  ne=  5X  10~^  -5X 

10^  m"^  at  M=700-6000  molppm. 

The  relationship  between  nQ  and  position  from  the  bottom  end 

in  the  unidirectionally  solidified  ingots  is  shown  in  Fig.  4. 
The  two  ingots  doped  with  1500  and  3400  molppm  Pb^ 

resulted  in  the  FGM  structure  of  carrier  concentration  with 
ne=0.82X10^4  and  2.21X10^  m"^  near  at  the  bottom  end 

A1  in  the  figure,  respectively.  In  spite  of  the  large  difference 
in  electron  concentration  between  the  two  ingots,  the  Hall 

mobility  was  almost  equal  to  0.12  m  /Vs. 

Figure  5  shows  the  temperature  dependence  of  the  electric 

9 

figure  of  merit(power  factor,  a  a)  for  the  samples  at 
Al(ne=0.820X  1025  m~3)  and  Bl(ne=0.153X  1025  m'3)  cut 
from  the  melt-grown  FGM  ingot  doped  with  1500  molppm 

9 

Pbl^.  The  maximum  a value  for  the  sample  A1  was  4.4X 

10"^  W/K?m  at  410  K,  while  the  curve  for  B1  was  low  lying 
because  of  the  low  carrier  concentration.  The  figure  of  merit 
estimated  using  the  thermal  conductivity  of  k=2.15  W/mK[8] 

was  2.0X10"^  IK.  The  ZT  value  for  A1  was  by  1.5  times 
larger  than  the  existing  data  as  shown  in  Fig.  1,  which  was 
comparable  to  that  for  the  low-temperature  thermoelectric 
material  of  the  Bi-Te  system. 

The  thermoelectric  data  measured  for  the  sintered  non-FGM 
were  listed  in  Table  1  as  the  component  materials  (a),  (b)  and 
(c)  for  the  FGM  with  high,  medium  and  low  carrier 
concentration,  respectively.  In  the  3~step  segmented  FGM,  the 
component  layers  were  arranged  from  (a)  for  high  temperature 
to  (c)  for  low  temperature  through  (b)  for  medium 
temperature. 

The  values  of  a  and  resistivity(p)  for  the  FGM  at  room 

temeprature  were  128.2  mV/K  and  7.91X10“^  Qm, 
respectively,  which  exceeded  those  for  each  component  layer. 
The  high  resistivity  in  case  of  the  FGM  may  have  been  caused 
from  the  hot-pressing  process,  but  the  origin  has  not  yet  been 
clarified.  The  similar  characteristic  feature  has  been  observed  at 


27 


Amount  of  Pb^,  M  /  mol  ppm 


Fig.3  Plots  of  carrier  concentration  versus  amount  of  Pbl2  in 
melt-grown  PbTe  single  crystals. 


A1  B1 


Distance  from  bottom  end,  d(cm) 


Fig.4  Plots  of  electron  concentration  ne  and  mobility  li 

versus  distance  from  the  bottom  end  in  the  unidirectionally 
solidified  FGM  boules.  The  samples  A1  and  B1  were  cut 
from  the  bottom  and  top  ends/respectively.  (■)  and  ( #)  for 
PbTe  FGM  doped  with  1200  and  3400  molppm  Pb^, 

respectively. 
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Temperature  (K) 

Fig.5  Temperature  dependence  of  electrical  figure  of  merit 

a^a  for  a  uni  directionally  solidified  n-type  PbTe  FGM  doped 
with  1500  molppm  Phi  2-  A1  and  B1  stand  for  the  bottom 

and  top  end,  respectively. 

the  interface  of  adjacent  layers[9]  in  the  2-stage  segmented  Si- 
Ge  FGM. 

Figure  6  shows  the  temperature  dependence  of  the  resistivity 
for  the  sintered  FGM  and  its  component  non-FGM  samples  of 
(a),  (b)  and  (c).  The  resistivity  of  all  the  samples  increased 
with  an  increase  of  temperature,  indicating  that  the  samples 
are  the  typical  degenerated  semiconductors.  It  is  found  that  the 
FGM  exerted  its  effect  by  a  gradual  increase  in  resistivity  at 
high  temperature  compared  with  the  cases  of  non-FGM 
samples. 

Figure  7  and  8  show  the  temperature  dependence  of  a  and 

a ~a,  respectively.  The  a  curves  for  (a)  and  (b)  monotonously 
increased  with  an  increase  of  temperature,  while  that  for  the 
FGM  showed  a  decrease  of  inclination  at  high  temperature  as 

9 

was  the  case  of  resistivity.  Each  a~o  curve  showed  the 


Fig.6  Temperature  dependence  of  resistivity  p  for  3-stage 
segmented  PbTe  FGM  shown  with  those  for  the  component 
materials  (a),  (b)  and  (c)  with  different  electron 

concentrations  listed  in  Table  1. 


Temperature(K) 

Fig.7  Temperature  dependence  of  thermoelectric  power  a  for 
3-stage  segmented  PbTe  FGM  shown  with  those  for  the 
component  materials  (a)  and  (b)  with  different  electron 
concentrations  listed  in  Table  1. 


Table  1  Thermoelectric  properties  of  the  3-stage  segmented  PbTe  FGM  and  its  component  materials(a),  (b)  and  (c)  at 
room  temperature. 


Sample 

a(mV/K) 

p(10‘6  Qm) 

Rh(10‘6  m 3 1C) 

ne(1025  /m3) 

pe(m2/Vs) 

a2a(W/K2m) 

(a) 

-60.5 

2.540 

1.78X10'7 

3.51 

7.00X10'2 

1.44X10’3 

(b) 

-71.1 

2.831 

2.30X  10'7 

2.60 

8.12X10'2 

1.79  XI  0‘3 

(c) 

-83.4 

3.342 

2.75X  10'7 

2.26 

8.22  X10'2 

2.08X10'3 

FGM 

-129.2 

7.91 

- 

~ 

- 

2.11X1CT3 
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Fig.8  Temperature  dependence  of  electrical  figure  of  merit 

9 

ora  tor  the  3-stage  segmented  PbTe  FGM  shown  with  those 
for  the  component  materials  (a)  and  (b)  with  different 
electron  concentrations  listed  in  Table  1. 

maximum,  the  position  of  which  was  about  800  K  for  (a)  and 
the  FGM,  while  about  500  K  for  (b).  At  T<450  K,  the  a2  a 

value  for  (b)  was  larger  than  that  for  (a).  The  a 2a  value  for 
the  FGM  never  came  lower  than  those  for  the  non-FGM  of  (a) 
and  (b)  in  the  measured  temperature  range.  By  using  the  k 
value  of  2.95  W/mK  measured  for  the-FGM  at  room 

temperature,  the  Zmax  was  estimated  to  be  1.29X10"^  /K, 
which  was  comparable  to  that  of  1.43  X  10~3  IK  for  the  non- 


FGM  sample  with  optimum  carrier  concentration  n  ==3X  10^~* 

G 

Q 

/m  .  The  effect  of  the  FGM  was  also  found  in  the  broadening 

of  the  peak  in  the  cx~o-T  curve,  w  hich  is  favorable  to  enhance 
the  conversion  efficiency.  The  results  indicate  the  possibility 
to  realize  high  efficiency  of  energy  conversion  with  the  well 
designed  FGM  structure. 
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Abstract 

The  potential  of  the  semiconducting  compound  $-ZruSbi  for 
thermoelectric  energy  conversion  was  investigated.  The 
thermoelectric  properties  were  measured  on  hot-pressed 
samples  characterized  by  x-ray  and  microprobe  analysis.  All 
samples  had  p-type  conductivity  and  the  thermoelectric 
properties  of  the  samples  were  measured  between  room 
temperature  and  400°C.  Exceptionally  low  thermal 
conductivity  values  were  measured  and  the  room  temperature 
lattice  thermal  conductivity  was  estimated  at  7  mW  cm1  K'1. 
High  figures  of  merit  were  obtained  between  200  and  400°C 
and  a  maximum  dimensionless  thermoelectric  figure  of  merit 
ZT  of  about  1.3  was  obtained  at  a  temperature  of  400°C.  The 
stability  of  the  compound  was  investigated  by 
thermo  gravimetric  studies  and  showed  that  the  samples  were 
stable  under  Ar  atmosphere  up  to  about  400°C  and  up  to 
250°C  in  dynamic  vacuum.  The  high  thermoelectric 
performance  of  p-ZniSb3  in  the  200  to  400°C  temperature 
range  fills  the  gap  established  in  the  ZT  spectrum  of  p-type 
state-of-the-art  thermoelectric  materials  between  Bi2Te3-based 
alloys  and  PbTe-based  alloys.  This  material,  relatively 
inexpensive,  could  be  used  in  more  efficient  thermoelectric 
generators  for  waste  heat  recovery  and  automobile  industry 
applications,  for  example. 

Introduction 

Thermoelectric  generators  convert  heat  energy  directly  into 
electrical  energy  without  moving  parts.  They  are  reliable, 
operate  unattended  in  hostile  environments  and  are  also 
environmentally  friendly.  However,  their  applications  have 
been  limited  until  now  because  of  the  relatively  low  efficiency 
of  the  thermoelectric  materials  as  well  as  their  relatively  high 
cost.  New  more  efficient  materials  should  be  developed  in 
order  to  expand  the  range  of  applications  of  thermoelectric 
generators.  For  applications  such  as  heat  recovery  from 
processing  plants  of  combustible  solid  waste,  the  materials 
have  also  to  be  inexpensive  enough  to  make  the  thermoelectric 
power  generation  a  viable  option.  Many  new  potential 
applications  of  thermoelectric  generators  have  been  recently 
described  in  the  literature.  For  many  of  these  applications,  the 
heat  source  temperature  ranges  between  100  and  about  400°C 
where  there  exists  a  gap  in  ZTs  between  the  low  temperature 
state-of-the-art  thermoelectric  materials  (Bi2Te3-based  alloys) 
and  the  intermediate  temperature  materials  (PbTe-based  alloys) 
and  TAGS  (Te-Ag-Ge-Sb).  Therefore,  it  is  important  to 
develop  efficient  thermoelectric  materials  in  this  temperature 
range. 


Based  on  literature  data  and  theoretical  considerations,  several 
new  materials  were  investigated  over  the  past  few  years  as 
potential  new  thermoelectric  materials  at  JPL.  Several  of  these 
new  materials  have  shown  interesting  potential  for 
thermoelectric  applications  [1].  As  part  of  this  broad  search  for 
more  efficient  thermoelectric  materials,  we  have  prepared  and 
investigated  the  properties  of  the  semiconducting  compound 
P-ZmSbs.  Three  compounds  have  been  well  identified  in  the 
system  Zn-Sb:  ZnSb  stable  up  to  the  melting  point  (546°C), 
Zn3Sb2,  metastable,  and  Zn4Sb3,  stable,  which  melts 
congruently  at  566°C  [2,3].  For  ZiLjSb3,  three  modifications 
are  known:  a-,  (3-,  Y-Za}Sb3  which  are  stable  below  -10°C, 
between  -10  and  492°C,  and  above  492°C,  respectively.  The 
phase  diagram  has  been  re-investigated  by  Mayer  et  al.  [2].  (3- 
ZiLiSb3  is  an  hexagonal  rhombohedric  compound,  space  group 
R3C  with  a  =  12.231  A  and  c  =  12.428  A  [2,4].  The  unit  cell 
contains  66  atoms. 

A  few  investigations  of  the  electrical  and  thermoelectric 
properties  of  p-Zn^Sfo  were  performed  [4-6]  but  the  results 
were  sometimes  contradictory.  Some  attempts  were  also  made 
to  dope  the  compound  with  various  impurities  [7].  The 
optical  properties  were  investigated  and  an  optical  band  gap  of 
about  1.2  eV  was  measured  [4],  in  agreement  with  some 
estimations  made  from  high  temperature  electrical 
measurements  [5].  To  our  knowledge,  the  only  thermal 
conductivity  data  available  in  the  literature  was  published  by 
Spitzer  [8]  who  reported  a  room  temperature  lattice  thermal 
conductivity  value  of  6.5  mW  cm'1  K  l  on  a  polycrystalline 
sample  of  unknown  density. 

Experimental 

Single  phase,  polyciystalline  hot-pressed  samples  of  P-Zn4Sb3 
were  prepared  from  pre-reacted  mixtures  of  zinc  (99.9999% 
pure)  and  antimony  (99.999%  pure).  The  samples  (about  12 
mm  in  diameter  and  about  2  cm  long)  were  of  good 
mechanical  strength.  The  density  of  the  samples  was  measured 
by  the  immersion  technique  using  toluene  as  the  liquid.  The 
density  of  the  hot-pressed  sample  was  typically  between  95 
and  97%  of  the  theoretical  density.  The  microstructure  of  the 
samples,  polished  by  standard  metallographic  techniques,  was 
investigated  using  a  Nikon  optical  microscope  under  both 
ordinary  and  polarized  light.  The  microprobe  analysis  of 
selected  samples  was  performed  on  a  JEOL  JXA-733 
superprobe.  XRD  analyses  were  performed  on  a  Siemens  D- 
500  diffractometer  using  Cu-Ka  radiation  with  silicon  as  a 
standard.  The  thermal  expansion  coefficient  was  measured 
using  a  standard  dilatometer. 
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Resistivity  and  Hall  effect  measurements  were  conducted  on 
samples  between  room  temperature  and  about  400°C.  The 
high  temperature  resistivity  (p)  was  measured  using  the  van 
dor  Pauw  technique  with  a  current  of  100  mA  using  a  special 
high  temperature  apparatus  [9],  The  Hall  coefficient  (RH)  was 
(Measured  in  the  same  apparatus  with  a  constant  magnetic  field 
value  of  8000  Gauss.  Assuming  a  scattering  factor  of  1  in  a 
single  carrier  scheme,  the  carrier  density  was  calculated  from 
ihe  Hall  coefficient  by  p  =  1/Rh  e  where  p  is  the  density  of 
holes  and  e  is  the  electron  charge.  The  Hall  mobility  (|Ih)  was 
calculated  from  the  Hall  coefficient  and  the  resistivity  values 
by  |iH  =  Rh/P-  The  error  was  estimated  at  ±  0.5%  and  ±  2% 
for  the  resistivity  and  Hall  coefficient  measurements, 
respectively.  The  Seebeck  coefficient  of  the  samples  was 
measured  on  the  same  samples  used  for  resistivity  and  Hall 
coefficient  measurements  using  a  high  temperature  light  pulse 
technique  [10],  The  error  of  measurements  of  the  Seebeck 
coefficient  was  estimated  to  be  less  than  ±  1%.  The  thermal 
conductivity  of  the  samples  was  calculated  from  the 
experimental  density,  heat  capacity  and  thermal  diffusivity. 
The  heat  capacity  and  thermal  diffusivity  were  measured  using 
a  flash  diffusivity  technique  [11]  and  the  overall  error  in  the 
thermal  conductivity  measurement  was  about  ±  10%. 


Results  and  Discussion 

A  total  of  about  30  samples  were  prepared  and  their  properties 
measured.  All  samples  had  p-type  conductivity  and  were 
heavily  doped  with  similar  thermoelectric  properties  and  little 
variation  in  carrier  concentration.  The  typical  room 
temperature  properties  of  hot-pressed  p-ZruSk  are  listed  in 
Table  1.  The  Hall  mobility  and  Seebeck  coefficient  values  are 
relatively  large  at  this  doping  level.  Hall  mobility  values  in 
the  order  of  1000  cm2  V*1  s*1  were  reported  by  Ugai  et  al.  [5] 
at  a  doping  level  of  8.8  x  1017  cm'3  but  were  in  contradiction 
to  some  results  obtained  later  also  by  Ugai  et  al.  [6].  The 
complexity  of  the  Zn-Sb  phase  diagram  makes  the  preparation 
of  single  phase  samples  difficult  and  might  explain  the 
discrepancies  in  the  results.  Unfortunately,  no  details  were 
given  by  Ugai  et  al.  [5]  on  the  composition  analysis  of  their 
samples. 


Table  1 .  Some  room  temperature  properties  of  p-Zn4Sb3 


Property 

P-ZmSb3 

Melting  point  (C) 

566  [2,5] 

Type  of  formation  from  the  melt 

congruent  [2,5] 

Structure  type 

hexa.  rhom.  [2,3] 

Number  of  atoms/unit  cell 

66  [2] 

Lattice  parameter  £ 

1=12.231,  c=12.428A  [2] 

X-ray  density  (g  cm'3) 

6.077 

Thermal  expansion  coefficient  (C1) 

1.93  x  10'5 

Energy  band  gap  (eV) 

1.2  [3,4] 

Conductivity  type 

P 

Electrical  resistivity  (mfl  cm) 

2 

Hall  mobility  (cm2  V1  s'1) 

30 

Hall  carrier  concentration  (cm'3) 

9  x  1019 

Seebeck  coefficient  ((iVK1) 

120 

Thermal  conductivity  (mW  cm'1  K'1) 

9 

Typical  temperature  dependence  of  the  thermoelectric 
properties  of  hot-pressed  p-ZotSb3  samples  are  shown  in  Fig. 
1  (electrical  resistivity),  Fig.  2  (Seebeck  coefficient),  and  Fig. 
3  (power  factor  values).  The  Seebeck  coefficient  and  electrical 
resistivity  increase  up  to  about  350°C  where  an  onset  of 
mixed  conduction  seems  to  appear,  lowering  the  electrical 
resistivity  and  Seebeck  coefficient.  However,  the  intrinsic 
behavior  is  difficult  to  establish  definitively  because  of  the 
small  temperature  range  where  it  seems  to  occur. 
Measurements  were  limited  to  400°C  because  of 
transformation  from  the  p  to  y  phase  at  higher  temperatures. 
The  results  of  the  Seebeck  coefficient  measurements  are  in 
agreement  with  the  results  of  Tapiero  et  al.  [4].  A  maximum 
power  factor  of  12.5  (iW  cm*1  K  was  calculated  at  350°C. 


1000/T  (K) 


Figure  1:  Typical  electrical  resistivity  values  as  a  function  of 
inverse  temperature  for  p-type  P-ZniSb3 


Temperature  (C) 

Figure  2:  Typical  Seebeck  coefficient  values  as  a  function  of 
temperature  for  p-type  P-ZmSb3 

Fig.  4  shows  the  thermal  conductivity  values  of  P-ZoiSb3 
between  room  temperature  and  about  250°C.  The  values  for 
staterof-the-art  p-type  thermoelectric  materials  PbTe-  and 
Bi2Te3-based  alloys  as  well  as  TAGS  (Te-Ag-Ge-Sb  alloys) 
are  also  shown  for  comprison.  The  room  temperature  value  is 
about  9  mW  cm'1  K  1  for  P-ZiLtSb3  samples.  The  thermal 
conductivity  decreases  to  about  6  mW  cm'1  K"1  at  250°C. 
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material.  The  analysis  of  the  low  thermal  conductivity  values 
will  be  the  object  of  a  separate  publication. 

The  dimensionless  thermoelectric  figure  of  merit  ZT  is  a 
function  of  the  electrical  resistivity  (p),  the  Seebeck  coefficient 
(a)  and  the  thermal  conductivity  (X.): 

ZT  =  a2/pA,  (1) 

The  calculated  figure  of  merit  for  several  p-type  P-Za*Sb3  are 
shown  in  Fig.  5.  This  figure  shows  that  there  is  a  gap 
between  the  low  temperature  state-of-the-art  thermoelectric 
materials  (Bi2Te3-based  alloys)  and  the  intermediate 
temperature  materials  (PbTe-based  alloys)  and  TAGS  (Te-Ag- 
Ge-Sb).  P-type  p-Zn4Sb3  fills  in  this  gap  in  the  200  to  400°C 
temperature  range. 


Figure  3:  Typical  power  factor  values  (a2/p)  as  a  function  of 
temperature  for  p-type  P-ZmSb3 
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Figure  4:  Typical  thermal  conductivity  values  as  a  function  of 
temperature  for  p-type  P-ZaiSb3.  Results  are  compared  to 
state-of-the-art  p-type  thermoelectric  materials  PbTe-  and 
Bi2Te3-based  alloys,  and  also  TAGS  (Te-Ag-Ge-Sb  alloys). 


Low  thermal  conductivity  is  one  of  the  most  interesting 
feature  of  p-ZiL}Sb3.  This  is  the  lowest  of  all  the 
thermoelectric  materials  known  until  now.  As  we  mentioned 
before,  the  only  value  reported  in  the  literature  for  p-Zn4Sb3 
was  a  room  temperature  lattice  thermal  conductivity  of  6.5 
mW  cm'1  K'1  [8]  measured  on  a  polyciystalline  sample.  We 
calculated  a  room  temperature  lattice  thermal  conductivity  by 
subtracting  the  electronic  component  to  the  total  thermal 
conductivity.  We  found  a  value  of  7  mW  cm1  K1,  in  good 
agreement  with  the  literature  results.  The  thermal  conductivity 
values  for  p-Zn4Sb3  are  typical  of  glass-like  materials.  This  is 
due  to  its  complex  crystal  structure  and  also  most  likely  to 
the  presence  of  some  antistructure  defects  resulting  in  a  highly 
disordered  structure.  However,  glass-like  materials  have 
usually  high  electrical  resistivity  such  as  Tl3AsSe3  [12]  which 
is  not  desirable  to  achieve  high  figure  of  merits.  This  is  not 
the  case  for  P-ZmSK  In  this  compound,  there  is  a  unique 
combination  of  low  thermal  conductivity  and  good  electrical 
resistivity  which  makes  it  a  very  interesting  thermoelectric 
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Figure  5:  Dimensionless  figure  of  merit  ZT  as  a  function  of 
temperature  for  several  p-type  P-ZoiSb3  samples.  Results  are 
compared  to  state-of-the-art  p-type  thermoelectric  materials: 
PbTe-  and  Bi2Te3-based  alloys,  and  TAGS  (Te-Ag-Ge-Sb 
alloys). 

Although  TAGS  have  also  a  good  thermoelectric  figure  of 
merit  in  this  temperature  range,  they  have  been  little  used  due 
to  their  high  sublimation  rate  and  low  temperature  phase 
transition  [13].  Thermogravimetric  studies  have  shown  that  p- 
ZnjSb3  samples  did  not  loose  any  weight  at  all  under  argon 
atmosphere  up  to  about  400°C  and  for  up  to  6  hours. 
Electrical  resistivity  measurements  were  conducted  as  a 
function  of  time  in  dynamic  vacuum.  It  was  found  that  no 
significant  variations  in  electrical  resistivity  was  observed  for 
samples  maintained  at  a  temperature  of  250°C  for  up  to  5 
days.  Microprobe  analysis  of  the  same  samples  did  not  show 
any  dissociation  of  the  samples.  However,  for  higher 
temperatures,  some  partial  decomposition  was  observed  in 
dynamic  vacuum  and  some  ZnSb  inclusions  were  detected  by 
microprobe  analysis.  The  stability  of  the  samples  was  also 
tested  by  annealing  samples  of  P-ZaiSb3  in  sealed  quartz 
ampoules  under  argon  or  vacuum  at  400°C  for  about  5  days. 
In  both  cases,  no  significant  changes  in  the  electrical 
resistivity  was  found  before  and  after  the  anneals  and 
microprobe  analysis  of  the  annealed  samples  showed  that  no 
dissociation  was  observed.  P-type  P-ZoiSb3  has  the  highest 
thermoelectric  figure  of  merit  in  the  200  to  400°C  temperature 
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range.  Further  improvements  of  the  figure  of  merit  could 
likely  be  obtained  by  optimizing  the  doping  level  of  the 
samples.  Also,  for  many  applications  using  thermoelectric 
generators,  the  cost  of  the  material  is  important.  p-Zn,Sb3  is 
relatively  inexpensive  compared  to  state-of-the-art 
thermoelectric  materials. 

There  are  many  potential  applications  for  thermoelectric 
generators  using  P-ZmSb3.  One  of  them  is  waste  heat 
recovery.  Large  efforts  in  Japan  have  been  recently  initiated  to 
develop  thermoelectric  power  generation  systems  to  recover 
waste  heat  from  various  sources:  solid  waste,  geothermal, 
power  plants  and  automobile  [14],  Many  potential 
applications  have  heat  sources  in  the  100  to  400°C 
temperature  range  where  the  P-Zn.iSb3  thermoelectric  properties 
are  optimal.  For  example,  a  study  of  a  thermoelectric 
generation  system  using  the  waste  heat  of  phosphoric  acid  fuel 
cells  was  recently  proposed  [15].  In  this  system,  the  hot  side 
of  the  heat  source  is  at  a  temperature  of  about  200°C  and  the 
cold  side  is  at  room  temperature.  Another  potential 
application  was  also  recently  described  using  geothermal  heat 
from  North  Sea  oil  platforms  [16],  Heat  sources  with 
temperatures  between  100  to  200°C  are  available  form  these 
oil  platforms  and  the  potential  use  of  a  thermoelectric 
generator  to  recover  this  heat  was  described.  The  actual  need 
for  more  efficient  and  cleaner  cars  has  resulted  in  a  strong 
interest  from  car  manufacturers  in  recovering  the  waste  heat 
generated  by  the  vehicle  exhaust  to  replace  or  supplement  the 
alternator  [17-19],  The  temperature  range  for  these  applications 
would  be  in  the  100  to  400°C  temperature  range  where  high 
ZT  values  have  been  measured  on  P-ZmSb3,  and  the  relatively 
low  cost  of  this  material  makes  it  an  excellent  candidate  for 
these  applications. 

Conclusion 

Thermoelectric  properties  of  P-ZmSb3  were  measured  on  hot- 
pressed  samples.  Exceptionally  low  thermal  conductivity  were 
measured  and  a  maximum  ZT  value  of  1.3  was  measured  at 
400°C.  The  good  thermoelectric  performance  of  P-ZmSb3  fills 
a  gap  existing  in  ZT  values  between  the  low  temperature 
state-of-the-art  thermoelectric  materials  Bi2Te3-based  alloys 
and  the  intermediate  temperature  materials  PbTe-based  alloys 
and  TAGS  (Te-Ag-Ge-Sb).  The  stability  of  the  material  was 
studied  and  it  was  found  that  the  thermoelectric  properties 
remain  stable  up  to  400°C  under  static  vacuum  and  argoa 
This  material,  relatively  inexpensive,  could  be  used  in 
thermoelectric  and  generators  and  a  brief  description  of  the 
numerous  potential  applications  was  given. 
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Abstract 

Recently,  there  has  been  a  growing  interest  in  small 
integrated  cooling  units.  This  prompted  us  to  establish  a 
screening  program  for  the  search  of  new  efficient 
thermoelectric  materials  requiring  the  optimization  of  figure 
of  merit.  Preparation  and  crystal  growth  experiments  on 
possible  thermoelectric  compounds:  TiNiSn,  ZrNiSn,  CoShj, 
SrAs3,  p-FeSi2,  FeSi,  NiS,  La3Cu3Sb4,  Ce3Cu3Sb4, 
Gd3Cu3Sb4.  are  presented.  Single  crystals  of  congruently 
melting  compounds  were  obtained  by  the  Czochralski  or 
Bridgman  techniques.  The  peritectic  decomposing 
compounds  were  prepared  by  flux-growth.  Low  defect  crystals 
were  obtained  by  vapor  transport.  Whenever  it  was  possible, 
more  than  one  technique  was  studied  for  the  preparation  of 
the  same  compound.  Transport  properties  and  thermoelectric 
properties  were  measured  and  discussed. 

Introduction 

Due  to  the  high  thermoelectric  figure  of  merit,  Z  = 
S2g/k,  (where  S  is  the  Seebeck  coefficient,  o  electrical 
conductivity  and  k  thermal  conductivity),  Bi2Te3,  Bi-Sb,  and 
PbTe  compound  semiconductors  are  currently  used  as  cooling 
materials  in  thermoelectric  devices  working  at  near  room 
temperatures.  Unfortunately,  this  highest  achieved  Z  is  still 
too  small  for  the  wider  use  of  thermoelectric  coolers  or 
generators.  Therefore  a  search  for  new  thermoelectric 
materials  has  been  the  goal  for  numerous  recent  studies. 

To  achieve  a  large  Seebeck  coefficient,  electrical 
conductivity  and  small  thermal  conductivity,  narrow  band 
gap  semiconductors  with  optimized  mobility  and  carrier 
concentration  are  needed. 


Table  1. 


Semiconductor  or  semimetal 

Example 

Elements 

Bi,  Sb,  Bi-Sb,  Si-Ge 

Tetrahedral  coordinated 

CdTe,  HgTe, 

Complex  structure,  low  symmetry 

Bi  -  Te, 

Multi  anions 

Skutterudite,  SrAs3,  borides 

Transition  metal,  rare  earth 

La3Cu3Sb4,  Ce3Cu3Sb4,  Gd3Cu3Sb4. 

Without  translation  symmetry 

Al-Cu-Ru  Icosaedral  quasicrystal 

Two-  and  one-  dimensional  compounds 

CuP2 

Today  it  is  not  possible  to  choose  a  priori  a  material 
or  even  a  group  of  compounds  whose  properties  could  fit  best 
the  requirement  for  thermoelectric  applications.  Therefore, 
some  electron  transport  measurements  and  their  analyses  are 
a  rough  guide  for  choosing  the  studied  materials.  The 
possible  group  of  the  considered  compounds  are  presented  in 
Table  1 . 

In  the  presented  work  we  select  some  compounds 

due  to: 


•  homonuclear  bondings  and  reported  [1]  high  mobility: 

CoSbs  and  SrAs3, 

•  silicon  compatible:  p-FeSi2, 

•  narrow  band  gap  and  simultaneously  unusual  magnetic 

properties,  FeSi  and  NiS 

•  tetrahedral  coordination:  TiNiSn  and  ZrNiSn 

•  rare  earth  atoms:  Ce3Cu3Sb4  and  Gd3Cu3Sb4. 

We  were  able  to  prepare  all  these  compounds  as  pure 
phases  and  CoSth,  p-FeSi2,  FeSi,  NiS,  TiNiSn  and  ZrNiSn  as 
single  crystals.  We  think  that  the  single  crystals  will  hardly 
be  usefiill  in  thermoelectric  coolers,  but  that  single  crystals 
are  very  desirable  for  basic  studies  before  a  material  will  be 
choosen  for  applications. 

The  transport  properties  and  thermopower  were 
measured.  The  comparison  of  power  factor  S2o  with  the 
currently  known  thermoelectric  materials  was  conducted. 


Skutterudite  CoSb? 


Fig.  1 .  Five  CoSb2  and  one  CoSt^  crystals  grown  in  the  same 
quartz  ampoule  by  chemical  vapor  transport  with  iodine  as 
transport  agent  at  950-750°C. 


CoSb3  is  stable  only  up  to  873  °C.  A  steep  liquidus 
near  eutectic  point  at  97  atm  %  Sb  in  Co  -  Sb  phase  diagram 
forced  us  to  growth  this  material  from  an  antimony  reach 
flux.  Due  to  constitutional  supercooling,  a  large  temperature 
gradient  on  the  solid/liquid  interface  was  needed.  The  crystals 
were  separated  from  the  antimony  by  heating  the  flux  in  one 
end  of  the  closed  quartz  ampoule  at  650  °C  and  keeping  the 
other  end  of  the  ampoule  at  room  temperature.  Such  a 
separation  procedure  could  shift  the  composition  of  CoSt>3  on 
the  Co  side  of  homogeneity  range,  in  spite  that  the 
homogeneity  range  of  CoSb3  is  supposed  to  be  small.  To 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


155 


15th  International  Conference  on  Thermoelectrics  (1996) 


improve  the  crystal  quality  and  to  grow  the  crystals  on  the  Sb 
side  of  homogeneity  range,  a  chemical  vapor  transport  with 
iodine  or  bromine  as  transport  agent  was  used. 

Unfortunately  the  low  peritectical  temperature  of 
CoSt>3  forced  us  to  use  a  low  source  temperature.  Therefore, 
the  growth  rate  was  very  low  and  the  grown  crystals  were 
small  (1-2  mm).  To  increase  the  crystals  dimensions,  the 
source  was  kept  above  decomposition  temperature  at  1050  or 
950  °C.  In  these  cases  the  metallic  compounds,  CoSb,  and 
CoSb2,  and  a  small  amount  of  CoSb3  were  formed  at  the  cold, 
750  °C,  ampoule  part. 

Two  type  of  samples  which  show  "metallic”  or 
"semiconducting"  (Fig.  2)  conductivity  characteristics,  were 
prepared.  The  highest  mobility  was  achieved  in  Sb  saturated 
samples. 


0  1CD  2D  3CD  4CD 


Temperature  [K] 

Fig.  2.  Mobility,  Seebeck  coefficient  and  resistivity  of  CoSh*. 
SrAs3 

SrAs3  is  known  to  have  very  high  mobility  [2].  It  has 
a  more  complicated,  monoclinic,  C2/m  structure  than,  cubic, 
Im3  CoSt>3.  In  CoStb,  each  Sb  atom  overlaps  three  s2p3 
orbitals  in  the  Sb4  ring  and  one  s2p3  orbital  hybridizes  with 
3d,  4s  and  4p  Co  orbitals.  As  atoms  in  SrAs3  form  puckered 
layers  containing,  in  contrast  to  CoSb^  no  d  valence 
electrons.  Therefore,  we  supposed  that  SrAs3  compounds 
could  have  better  thermoelectric  properties  in  respect  to 
CoSb,. 

SrAs3  melts  congruently,  which  simplifies  the 
preparation  procedure.  In  spite  of  the  presence  of  alkaline 
earth  metal,  Sr,  this  compound  is  stable  in  ambient  air.  Up  to 
now,  we  obtained  only  polycrystalline  samples  by  directional 
freezing  of  SrAs3  melt  in  a  glassy  carbon  crucible  sealed  in  a 
quartz  ampoule.  The  specific  resistivity  of  SrAs3  samples  are 
1.4  -  2.4  mfi  cm,  but  the  Hall  and  Seebeck  coefficients 
change  signs,  (Fig.  3)  suggesting  a  complex  band  structure. 
Contrary  to  our  expectation,  the  power  factor  is  lower  in 
SrAs3  than  in  CoSb^  but  the  theimopower  is  high  enough,  70 
qV/K  at  150  K,  to  be  worthy  of  more  study. 


Fig.  3.  Resistivity,  Hall  coefficient  and  thermopower  of  SrAs3 
polycrystalline  sample. 

Rare  earth  semiconductors:  Ce3Cu3Sb4  and  Gd3Cu3Sb4 

The  origin  of  the  energy  gap  in  these  types  of 
compounds  is  not  well  know.  It  was  assumed  that 
hybridization  of  f  electrons  with  conduction  electrons  is 
responsible  for  band  gap  formation.  Even  the  metallic  or 
semiconducting  transport  character  is  the  subject  of 
discussion.  The  binary  rare  earth  chalcogenides  are  very 
stable  and  have  interesting  thermoelectric  properties. 

The  ternary  pnictides  were  synthesized  by  melting 
components  in  vacuum  sealed  tantalum  tubes  and 
subsequently  annealing  them  for  3  weeks  at  600  °C.  Pure 
phase  samples  were  formed  and  examined  by  an  x-ray 
method.  The  resistivity,  decreasing  with  rising  temperature, 
and  the  Seebeck  coefficient,  near  one  order  of  magnitude 
higher  than  in  normal  metals,  indicate  the  semiconducting 
behavior  of  these  compounds  [3],  The  power  factor  near  room 
temperature  is  still  lower  than  in  the  other  narrow  band  gap 
semiconductors  studied.  The  metallic  conductivity  found  in 
numerous  rare  earth  compounds  are  caused  frequently  by  the 
low  purity  of  used  elements  or  the  contamination  of  highly 
reactive  elements  by  crucible  material  during  preparation. 
However,  the  presence  of  f-electrons  in  these  compounds,  oft 
anomalous  transport  properties  in  low  temperature  and  ten 
times  larger  than  in  normal  metals  thermopower  in  heavy- 
fermion  compounds  near  the  Kondo  temperature  [4],  allow  us 
to  suggest  rare  earth  semiconductors  as  very  interesting 
materials  for  thermoelectric  and  galvanomagnetic  study,  in 
spite  of  their  complicated  technology. 

TiNiSn,  ZrNiSn 

The  analysis  of  bonds  in  a  MgAgAs-type  structure 
allowed  to  speculate  that  Sn  in  thetraedric  positions  could 
have  sp3  hybridization,  and,  therefore,  high  electron  mobility. 
Thus,  we  began  to  study  TiNiSn  and  ZrNiSn  compounds. 
Phase  diagram,  or  melting  point  and  its  stoichiometric  or 
nonstoichiometric  character  are  not  know.  We  used 
crystallized  TiNiSn  or  ZrNiSn  from  Sn  flux  by  cooling  from 
1400  °C  to  400  °C.  The  TiNiSn  crystals  are  shown  on  Fig.  4. 
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The  resistivity  of  both  compounds  lightly  increased 
vs.  increased  temperature,  but  the  transport  measurements 
and  the  value  of  Seebeck  coefficient  confirmed  that  these 
intermetalic  compounds  are  doped  semiconductors  (Fig.  5). 


Temperature  [Kj 


Fig.  5.  Electric  and  thermoelectric  properties  of  TiNiSn  and 
ZrNiSn. 

Because  the  thermal  conductivity  was  measured  only 
up  to  120  K  (ca.  10  W/Km)  [5],  the  power  factor,  S2o,  was 
calculated  and  compared  with  other  materials  (Fig.  9).  Above 
200  K  power  factor  of  ZrNiSn  exceed  IrSb3.  It  is  reasonable 
to  hope  that  solid  solution  ZrNiSn  -  TiNiSn  lowers  thermal 
conductivity,  and  that  this  system  would  be  one  of  the  best 
thermoelectric  materials  in  near  room  temperature 
thermoelectric  applications. 

NiS 

The  hexagonal,  P6mmc,  phase  of  NiS  undergoes  a 
metal  -  insulator  transition  between  150  and  260  K 
depending  on  sulfur  content  [6].  Below  this  temperature  a 
small  band  gap,  about  100  meV,  caused  by  electron 
correlation  opens.  Above  the  transition  temperature  NiS 
shows  Pauli  paramagnetism;  below  NiS  is  antiferromagnetic. 
The  band  gap  is  formed  between  S  3p  and  Ni  3d  orbitals. 

Because  it  is  very  difficult  to  predict  the 
thermoelectric  properties  of  such  a  complex  system,  the 
preparation  and  measurements  have  been  carried  out.  The 
single  crystals  were  grown  by  the  Bridgman  method  and 


Fig.  6.  NiS  single  crystals  grown  by  Bridgman  method 

Resistivity  measurements  revealed  existence  of 
magnetic  phase  transition,  but  the  Seebeck  coefficient  of  the 
antiferromagnetic  phase  was  only  slightly  larger  than  that  of 
the  paramagnetic  phase. 


Fig.  7.  Resistivity  and  thermopower  of  NiS  near 
antiferromagnetic  to  paramagnetic  phase  transition. 

FeSi  and  p-FeSi2 


Fig.  8.  Seebeck  coefficient  in  FeSi  single  crystals 
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Single  crystals  of  FeSi  were  grown  using  the 
Czochralski  technique.  Due  to  peritectic  decomposition,  the 
needle  (3-FeSi2  crystals  were  grown  by  chemical  vapor 
transport[7].  An  example  of  FeSi  crystals  are  presented  in  fig. 
8.  FeSi  mobility  shows  a  very  small  mobility,  but  the  Seebeck 
coefficient  forms  a  narrow  maximum  between  10  and  100  K. 
Such  a  characteristic  could  be  well  explained  by  electron  - 
phonon  interactions  [8].  The  band  gap  of  p-FeSi2  ,  ca.  0.9  eV, 
prefers  this  material  for  high  temperature  applications. 


Fig.  8.  Czochralski  grown  FeSi  single  crystals. 


Fig.  9.  Comparison  of  power  factors  for  skutterudite  IrSt^ 
(calculated  from  [9]  )and  CoSl>3  with  TiNiSn  and  ZrNiSn. 

Additional  improvement  of  figure  of  merit,  in  some 
materials,  could  be  achieved  by  the  application  of  magnetic 
field.  The  effects  of  a  magnetic  field  on  narrow  band 
semiconductors  containing  transition  metals  or  rare  earth 
magnetic  ions,  seems  especially  worthy  of  study. 
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Conclusion 

The  narrow  band  gap  semiconductors  include  very 
different  families  of  compounds.  The  best  thermoelectric 
properties  are  shown  by  compounds  where  metal  -  metal  or 
nonmetal  -  nonmetal  bondings  are  present.  It  means  that  pure 
covalent  bondings  or  bondings  with  small  ionic  contribution 
are  desirable.  Strong  ionic  oxides  or  sulfides  (NiS)  are  rarely 
used.  Compounds  containing  weak  pure  covalent  bonds 
frequently  decompose  before  reaching  the  melting  point. 
Also,  it  is  easy  to  form  defects  or  strongly  dope  such 
compounds  ("metallic”  conductivity).  The  elements  used  for 
thermoelectric  materials  are  not  typically  used  in 
microelectronic  applications.  As  a  result,  they  are  hardly 
available  in  proper  purity  on  the  market.  Compounds 
synthesized  from  such  materials  are  not  intentionally  doped, 
and  the  solubility  limit  for  dopand  could  be  larger.  The 
properties  are  very  sensitive  to  the  technology  processes  used. 
Therefore,  detailed  composition  and  defect  characterization 
are  very  desirable.  The  elementary  cells  in  these  compounds 
are  frequently  large  and  not  cubic,  which  makes 
interpretation  of  other  physical  properties  very  difficult  in 
comparison  to  classical  semiconductors. 

The  widely  studied  compounds  of  precious  metals 
(Os,  Ru,  Rh,  Ir  or  Pt)  are  excellent  thermoelectric  materials, 
but  we  think  that  TiNiSn,  ZrNiSn  and  their  solid  solutions 
should  be  considered  as  promising  thermoelectric  materials 
due  to  the  very  high  power  factor  (Fig.  9)  and  inexpensive 
price. 
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Abstract 

The  compact  of  Cu:Sn:S  =  8:1:4  composition  was 
prepared  by  sintering.  The  thermoelectic  properties  of 
the  compact  were  measured  as  a  function  of  temper¬ 
ature  and  annealing  period.  The  microstructures  were 
investigated  by  X-ray  diffraction  experiments  and 
transmission  electron  microscopic  observation.  The 
compact  is  desirable  in  thermoelectric  properties  and 
thermal  stability  below  450K.  The  compact  consists  of 
mixtures  of  several  compound  structures. 

Introduction 

Good  properties  for  thermoelectric  energy  conversion 
were  reported  in  the  Cu-Sn-S  system.  The  compound 
structure  of  Cu4SnS4  has  the  electrical  conductivity  of 
lOS/cm,  the  Seebeck  coefficient  of  0.6mV/K,  the  figure 
of  merit  of  0.8xlO3  at  300K[1,2].  The  electrical 
conductivity  of  the  complex  structure  of  Cu:Sn:S=8: 1:6 
composition  is  about  lOOS/cm  at  300-400K  [3]. 

The  objective  of  this  paper  is  to  measure  the 
thermoelectric  properties  as  a  function  of  temperature 
and  annealing  period  in  the  sintered  compact  of 
Cu:Sn:S=8:l:4  composition,  and  also  to  identify  the 
microstructures  by  X-ray  diffraction  experiments  and 
transmission  electron  microscopic  observation. 

Experimental 

The  materials  of  99.99%  copper  sheets,  99.99%  tin 
particles,  99%  sulfur  powders  were  weighed  in 
Cu:Sn:S=8:l:4  composition,  and  were  evacuated  to  a 
vacuum  in  silica  tubes.  After  the  sulfur  powders  in  the 
tubes  were  melted  at  373K,  they  were  absorbed  by  the 
other  materials.  The  materials  in  the  tubes  were 
next  melted  for  3h  at  about  1200K,  and  were  cooled  to 
room  temperature  in  a  furnace.  The  product  was 
ground  into  powders,  which  were  pressed  into  the 
compact  of  10  mm  diameter,  2~3mm  thickness  for 
15min  under  a  uniaxial  pressure  of  200MPa  in  a 
vacuum.  For  the  sake  of  comparison,  the  compacts  of 
Cu:Sn:S=2:l:0  and  4:1:4  compositions  were  also  made 
through  the  above  procedure. 

After  each  compact  was  sintered  for  3h  at  973K  in  a 
vacuum  in  a  furnace,  the  electrical  conductivity  of 
each  compact  was  measured  with  the  four-probe 
method  in  a  vacuum  in  a  furnace.  The 


thermoelectromotive  force  was  measured  by  heating 
one  edge  of  the  compact.  The  thermal  conductivity  was 
measured  with  an  optical  heating-pulse  apparatus, 
Rigaku  LF/TCM-FA85 10B.  The  structures  were 
identified  with  an  X-ray  diffractometer,  Rigaku  RINT 
2200,  using  a  copper  target  at  room  temperature.  The 
microstructures  were  observed  by  using  a 
transmission  microscope,  JEM-2000FX,  at  HVEM  Lab, 
Kyushu  University.  The  EDX  spectra  from  twenty 
areas  were  measured  with  an  electron  beam  size  of  50 
nm  diameter.  . 

Results  and  discussion 
Thermoelectric  properties 

Fig.  1  shows  that  the  thermoelectromotive  force  for  the 
Cu:Sn:S=8:l:4  composition  remains  unchanged  up  to 
8h  during  keeping  a  temperature  difference  of  150K, 
the  cooling  edge  of  300K,  and  the  heating  edge  of  450K 
in  a  vacuum,  argon  gas,  or  air.  It  is  seen  from  the 
figure  that  the  compact  is  useful  for  long  period  in 
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Fig.l  Thermoelectromotive  force  of  the  compact  of  the 
Cu:Sn:S=8:l:4  composition  in  a  vacuum  (O),  in  argon  gas 
(•),  and  in  air  (A)  with  a  temperature  difference  A 
T=150K,  the  cooling  edge  of  300K,  and  the  heating  edge  of 
450K. 
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temperature  range  up  to  450K.  The  large  difference 
between  the  thermoelectromotive  forces  in  a  vacuum 
and  in  argon  gas  may  be  due  to  difficulties  in 
controlling  the  microstructures  of  the  compact. 

Fig.  2  shows  that  the  thermoelectromotive  force  for  the 
Cu:Sn:S~8:l:4  composition  changes  rapidly  during 
keeping  a  temperature  difference  of  250K,  the  cooling 
edge  of  300K,  and  the  heating  edge  of  550K  in  a 
vacuum,  or  argon  gas.  The  themoelectromotive  force 
reduces  to  the  value  of  A  T-100K  within  1  h  in  a 
vacuum,  or  A  T=150K  after  3  h  in  argon  gas,  which 
suggests  that  the  useful  life  of  the  compact  depends  on 
the  atmospheric  conditions. 

Fig  3  shows  the  relation  between  temperature  and  the 
Seebeck  coefficient  for  the  Cu:Sn:S=8:l:4,  2:0:1,  and 
4:1:4  compositions.  In  the  whole  temperature  range, 
the  Seebeck  coefficient  remains  constant,  being  higher 
for  the  8:1:4  composition  than  for  the  2:0:1  and  4:1:4 
compositions. 

Fig  4  shows  the  relation  between  temperature  and  the 
electrical  conductivity  for  the  Cu:Sn:S=8:l:4,  2:0:1, 
and  4:1:4  compositions.  The  electrical  conductivity 
changes  slightly  with  increasing  temperature,  while  it 
remains  higher  for  the  8:1:4  composition  than  for  the 
2:0:1  and  4:1:4  compositions. 

Fig  5  shows  the  relation  between  temperature  and  the 
power  factor  for  the  Cu:Sn:S=8:l:4,  2:0:1,  and  4:1:4 
compositions.  In  the  whole  temperature  range,  the 


power  factor  for  the  8:1:4  composition  is  superior  to 
the  power  factor  for  the  2:0: 1  and  4:1:4  compositions. 
Since  the  thermal  conductivity  for  the  Cu:Sn:S=8: 1:4 
composition  measures  0.004-0. 007W/cmK  at  room 
temperature,  the  figure  of  merit  is  estimated  to  be 
over  10  3/K. 
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Temperature  /  K 

Fig  5  Relation  between  temperature  and  the  power  factor 
in  the  compacts  of  the  Cu:Sn:S=8:l:4  (O,  ®),  2:0:1  (O) 
and  4:1:4  (A)  compositions. 

Microstructures 

X-ray  diffraction  peaks  revealed  that  there  exist  the 
compound  structures  of  Cu2S+Cui.8iS+Cu3Sn  for  the 
8:1:4  composition.  On  the  other  hand,  the  EDX  spectra 
from  the  twenty  areas  for  the  8:1:4  composition 
presented  more  detailed  information  about  micro¬ 
structures,  which  is  composed  of  four  types  of  phase  : 
Cu-S  binary  phase,  Cu-Sn-S  ternary  phase,  Cu  phase, 
Cu-Sn  binary  phase.  Since  the  Cu-S  binary  phase  was 
most  frequently  observed,  it  is  concluded  to  be  major 
in  the  four  phases  which  lead  to  good  properties  for 
thermoelectric  energy  conversion. 

Electron  diffraction  patterns  identified  the  Cu-S 
binary  phase  as  the  structures  of  Cui.siS,  Cui.96S  and 
Cu2S.  Fig. 6  shows  the  bright  field  image  and  001 
diffraction  pattern  of  Cui.siS.  Extra  spots  are  observed 
in  addition  to  main  spots.  The  extra  spots  is  due  to 
long  period  order  structure.  Fig. 7  shows  the  bright 
field  image  and  110  diffraction  pattern  of  Cui.96S 
super-imposed  on  001  diffraction  pattern  of  Cui.siS, 
where  only  the  indices  of  Cui.96S  are  indicated.  The 
111  spot  of  Cui.96S  overlaps  with  120  spot  of  Cui.siS. 
Extra  spots  due  to  the  long  period  order  structure  are 
also  observed  in  addition  to  main  spots.  In  the  bright 
field  image,  the  white  lines  are  observed 
perpendicular  to  the  [1111  direction.  Fig. 8  shows  the 
111  diffraction  pattern  of  Cui.96S  or  001  diffraction 
patterns  of  Cu2S,  where  only  the  indices  of  Cui.96S  are 
indicated.  The  upper  pattern  was  observed  with  a 
slight  convergent  electron  beam,  while  the  lower 
pattern  was  observed  with  a  parallel  beam.  Although 
the  same  main  spots  are  observed  in  the  both  patterns, 


Fig. 6  Bright  field  image  and  001  diffraction  pattern  of 
Cui.siS. 


the  extra  spots  disappear  in  the  upper  pattern,  which 
suggests  that  electron  beam  iradiation  causes 
disordering  trans-formation  of  vacancies  and  copper 
atoms  in  Cu2-xS  [4,5]. 

Fig.9  shows  the  bright  field  image  and  diffraction 
pattern  of  the  Cu-Sn-S  ternary  phase.  The  pattern  is 
indexed  as  Cui.96S  or  Cu2S  with  extra  spots.  Thus,  the 
ternary  phase  is  expected  to  have  structure  of  Cui.96S 
or  Cu2S  containing  tin  atoms. 


Conclusions 

The  thermoelectric  properties  of  the  compact  were 
measured  as  a  function  of  temperature  and  annealing 
period  in  the  sintered  compact  of  the  Cu:Sn:S  =  8:1:4 
composition.  The  microstructures  were  investigated 
by  X-ray  diffraction  experiments  and  transmission 
electron  microscopic  observation.  The  results  are 
summarized  as  follows.  The  compact  is  promising 
because  the  thermoelectric  properties  and  thermal 
stability  are  good  below  450K.  The  figure  of  merit  of 
the  compact  exceeds  103/K.  The  good  properties  are 
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.Fig. 7  Bright  field  image  and  TlO  diffraction  pattern  of 
-Cui  9eS  superimposed  on  001  diffraction  pattern  of  CuisiS. 
'The  indices  are  indicated  for  Cui.roS. 


associated  with  the  microstructures  of  the  Cu-S,  Cu- 
Sn-S,  Cu,  Cu-Sn  phases,  order-disorder 
transformation  in  the  Cu-S  or  Cu-Sn-S  phases,  or 
mutual  reaction  among  these  phases. 
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Fig. 9  Bright  field  image  and  the  diffraction  pattern  of  the 
Cu-Sn-S  ternary  phase.  The  pattern  can  be  indexed  as  111 
zone  axis  incidence  of  Cui.9eS  or  001  of  C112S.  The  indices  are 
indicated  for  Cui.9eS. 


163 


15th  International  Conference  on  Thermoelectrics  (1996) 


ELECTRONIC  TRANSPORT  PROPERTIES  OF  HIGHLY  CONDUCTING  VAPOR-GROWN 

CARBON  FIBER  COMPOSITES 


Kevin  L.  Stokes,  Terry  M.  Tritt,  Wendy  W.  Fuller-Mora  and  A.C.  Ehrlich, 
Materials  Science  Division,  Naval  Research  Laboratory, 
Washington,  DC  20375,  USA 

and 


R.  L.  Jacobsen, 

Applied  Sciences  Inc.,  141  Xenia  Ave., 
Cedarville,  OH  45314,  USA 


Abstract 

We  have  measured  the  electrical  resistivity  and 
thermoelectric  power  of  commercial  vapor-grown  carbon 
fibers  and  fiber  composites  from  4  K  to  300  K.  Post-growth 
heat  treatment  decreased  the  resistivity  and  moderately 
increased  the  magnitude  of  the  thermopower. 
Thermoelectric  measurements  on  fiber  composites  showed 
that  the  host  material  altered  the  resistivity  but  had  little 
effect  on  the  thermopower.  Thermopower  data  suggest  that 
the  fibers  in  the  composite  material  have  a  smaller  degree  of 
graphitization  than  isolated  fibers. 


Introduction 

Carbon  fiber  composites  have  been  used  extensively  for 
light-weight  structural  materials,  but  these  materials  also 
exhibit  transport  properties  that  make  them  valuable  for  other 
applications.  By  adjusting  process  variables  and  post¬ 
growth  heat  treatment,  intrinsic  carbon  fibers  can  be 
fabricated  to  have  a  wide  range  of  thermal  conductivity  (20 
to  2000  W/m-K)  [1]  and  electrical  resistivity  (3  to  0.07  m Q9 
cm)  at  room  temperature[2].  Intercalation  of  the  fibers,  as  is 
done  for  graphite,  can  alter  the  carrier  concentration,  phonon 
scattering  and  thermopower  [3].  In  fact,  thermopowers  of 
about  35  |LiV/K  for  acceptor  compounds  and  -25  pV/K  for 
donor  compounds  have  been  reported  for  intercalated 
graphite[4].  Intercalated  fibers  could  be  incorporated  into 
different  host  materials  to  further  alter  the  properties  of  the 
composite.  This  flexibility  prompts  us  to  investigate  the 
properties  of  carbon  fibers  as  a  candidate  for  a  thermoelectric 
material. 

We  present  a  preliminaiy  study  of  the  electrical  and  transport 
properties  of  vapor-grown  carbon  fibers.  We  have  measured 
the  resistivity  and  thermoelectric  power  as  a  function  of 
temperature  (4  K  -  300  K)  for  a  variety  of  differently- 
prepared  fibers  and  composites. 


Samples 

Vapor-grown  carbon  fibers  (VGCF)  are  produced  in  a 
catalytic  reaction  in  which  a  hydrocarbon  (in  our  case 
methane)  pyrolitically  decomposes  on  metal  particles, 


usually  iron.  These  particles  absorb  carbon  from  the  methane 
breakdown  and  then  incorporate  it  into  filaments  that  grow 
out  of  the  particle  [1,5].  The  diameter  of  the  carbon  filament 
is  nominally  equal  to  the  diameter  of  the  catalyst  particle 
which  is  approximately  10  nm.  The  length  can  be  made 
anywhere  from  a  few  microns  to  several  centimeters 
depending  on  the  process  parameters.  Once  the  fibers' 
lengths  are  established,  they  are  thickened  to  arbitrary 
diameter  by  chemical  vapor  deposition  (CVD).  Structurally, 
the  carbon  planes  in  the  as-grown  fibers  form  concentric 
circles  (like  tree  rings).  After  heat  treatment  to  sufficiently 
high  temperature,  the  structure  becomes  graph itized  and 
facetting  is  observed  [1]. 

Two  varieties  of  VGCF  are  manufactured  by  Applied 
Sciences,  Inc.,  designated  as  Pyrograf-I™  and  Pyrograf- 
III™.  The  Pyrograf-I™  fibers  are  grown  in  a  one- 
dimensionally  oriented  mat  and  are  about  2  cm  long  with 
7  pm  diameter.  Pyrograf-III™  fibers  are  generally  100  pm 
long  and  about  200  nm  in  diameter.  They  grow  in  random 
orientation  and  are  entangled,  like  a  cotton  ball.  Both  of 
these  types  of  VGCF  have  been  incorporated  into  a  variety  of 
composites.  For  this  study,  we  have  investigated  the 
thermoelectric  properties  of  as-grown  and  heat-treated 
Pyrograf-I™  single  fibers,  Pyrograf-I™  fibers  in  cyanate 
ester  resin  (CER)  and  carbon  matrices  and  Pyrograf-III™ 
fibers  in  a  nylon  matrix. 


Experiment 

Standard  four-probe  resistance  and  thermopower 
measurements  were  performed  using  the  same  experimental 
set-up.  The  apparatus  consisted  of  two  small  copper  blocks, 
both  containing  heaters.  One  block  was  in  thermal  contact 
with  an  approximately  0.5  kg  copper  base  plate  and  the  other 
block  was  thermally  isolated  from  the  base  plate.  The 
sample  was  suspended  between  the  Cu  blocks;  the  ends  of 
the  sample  were  attached  to  the  blocks  with  GE  7031 
varnish.  This  entire  assembly  was  placed  inside  a 
continuous-flow  liquid  He  cryostat.  The  temperature  of  the 
heat-sunk  end  of  the  sample  was  determined  using  a  Lake 
Shore  calibrated  Cernox  sensor  mounted  inside  the  base 
plate.  The  temperature  difference  across  the  sample,  AT, 
was  measured  with  a  0.005”  Au-0.07  at%  Fe  vs.  Chromel 
differential  thermocouple  permanently  embedded  in  the  Cu 
blocks  with  Stycast  epoxy.  The  leads  for  measuring  the 
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voltage  (for  both  thermopower  and  resistivity)  were  0.003” 
Au  wire  attached  to  the  sample  with  Ag  paint.  The  sample 
was  positioned  so  that  the  voltage  leads  were  directly  above 
the  thermocouple  junctions.  The  sample  voltage  (Vs)  as 
well  as  the  thermocouple  voltage  (Vtc)  were  measured 
with  a  Keithley  182  nanovoltmeter.  The  thermopower  was 
measured  with  the  standard  differential  technique  [6]  in 
which  the  thermopower  is  given  by  V  5/ AT  (with  the  current 
off)  at  each  temperature,  T.  The  AT  was  kept  to 
approximately  1-5%  of  T.  The  linearity  of  this  method  was 
verified  by  comparing  the  slope  of  Vs  vs.  AT,  with  AT 
varied  from  -5%  to  +5%  of  T.  This  measurement  was  made 
at  room  temperature  and  at  low  temperature  (nominally 
20  K)  for  each  sample.  The  absolute  thermopower  was 
estimated  by  subtracting  the  thermopower  of  the  Au  leads 
using  published  values  [7].  The  resistance  of  the  sample  was 
measured  by  reversing  the  current  at  each  temperature  and 
then  taking  an  average  V  s  thereby  canceling  any  thermal 
voltages.  Typical  sample  currents  were  0.01-1  mA.  The 
measurements  were  taken  while  the  sample  was  being  cooled 
from  300  K  to  4  K  over  a  12-16  hour  period  with  data  being 
collected  approximately  every  0.5  K.  The  measurements 
were  repeated  while  warming  the  sample  back  to  room 
temperature. 


Results  and  Discussion 

Resistivity  and  thermopower  for  two  single  Pyrograf-I™ 
carbon  fibers  are  shown  in  Figs.  1  and  2.  One  fiber  was  not 
subjected  to  any  post-growth  heat  treatment  and  the  other 
fiber  was  heat-treated  at  2400°  C.  The  resistivity  shows  little 
temperature  dependence.  This  is  not  uncommon  in 
turbostratic  graphite  systems  and  indicates  that  the  carrier 
mobility  is  limited  by  scattering  from  boundaries  and 
imperfections[l].  The  resistivity  for  the  heat-treated  fiber  is 
a  factor  of  10  less  than  that  of  the  as-grown  fiber  over  the 
entire  temperature  range. 


Fig.  1.  Resistivity  for  two  single  Pyrograf-I™ 
fibers.  For  clarity,  the  symbols  mark  only  every 
20^  data  point. 


Striking  differences  are  observed  in  the  thermopower  (Fig. 
2).  The  thermopower  is  positive  for  the  as-grown  fiber  with 
a  positive  peak  at  low  temperature.  The  thermopower  for  the 
heat-treated  sample  is  negative  at  room  temperature  with  a 
negative  phonon-drag  peak  at  35  K  then  shows  a  small 
positive  peak  at  about  7  K. 


Fig.  2.  Thermopower  for  two  single  Pyrograf-I™ 
fibers. 

This  general  behavior  of  the  thermopower  is  characteristic  of 
heat-treated  VGCF  and  has  been  noted  by  other  researchers 
for  benzene-derived  fibers  [8],  cyanoacetylene-derived  fibers 
[9]  and  methane-derived  fibers  [10].  However,  the  details  of 
the  temperature  dependence  of  the  thermopower  vary.  For 
example,  Endo,  et  al.  and  Heremans  and  Beetz  both  observe 
that  the  thermopower  for  as-grown  VGCF  is  positive  at  room 
temperature  but  goes  negative  at  about  150  K  [8,10].  For  our 
as-grown  fibers,  the  thermopower  is  positive  over  the  entire 
temperature  range.  After  heat  treatment,  the  benzene- 
derived  VGCF's  show  a  negative  thermopower  at  room 
temperature,  a  broad  positive  peak  between  190  K  and  60  K, 
and  then  the  large  negative  phonon-drag  peak.  The  heat- 
treated  methane-derived  VGCF  (Fig.  2  and  Ref.  [10])  and 
cyanoacetylene-derived  VGCF  [9]  show  no  positive 
thermopower  in  this  temperature  region;  in  fact  the 
thermopower  is  essentially  translated  by  about  -10  pV/K 
relative  to  that  of  the  benzene-derived  fibers. 

These  differences  are  not  surprising  since  the  thermopower 
is  very  sensitive  to  the  carrier  properties  in  these  systems 
[1,10,11].  For  a  nearly  compensated  semimetal,  a  two-band 
electronic  model  must  be  considered  in  which  the  there  will 
be  a  contribution  to  the  electric  current  density  from  both 
bands.  The  diffusion  thermopower  is  then  given  as  [1 1] 

Sd  —  ^ 

Oh  +  Oe 

where  Sejx  is  the  partial  Seebeck  coefficient  due  to  electron 
and  hole  conduction  and  oej2  is  the  electrical  conductivity 
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due  to  the  electrons  and  holes.  The  partial  thermopowers 
originating  from  the  two  bands  oppose  each  other,  Se  =  -S/j, 
so  that  the  resulting  thermopower  is  small.  If  we  express  the 
partial  conductivities  in  terms  of  the  carrier  density  ratio 
a=  nh/ne  and  the  carrier  mobility  ratio  b  =  fa  /jifa  then 
Eq.  (1)  can  be  rewritten 


_ d  Sfi  T  b  Se 

a  +  b 


(2) 


For  the  nearly  intrinsic  case[l  1],  a  =  1  since  n}x  ~  ne ,  and 


4-  (?) 

1  +b 

Consequently,  the  magnitude  and  sign  of  the  thermopower  is 
a  sensitive  function  of  the  mobility  ratio.  For  pyrolytic 
graphite,  the  mobility  ratio  is  about  1.1  near  room 
temperature  [11]. 

There  is  agreement  that  the  degree  of  graphitization  can  be 
qualitatively  deduced  from  the  thermopower  data  [1,8].  The 
thermopower  is  predominantly  positive  for  turbostratic  fibers 
and  predominantly  negative  for  three-dimensionally  ordered 
fibers  [1].  Also,  the  magnitude  of  the  thermopower  decreases 
with  decreasing  order;  the  smallest  thermopowers  are  found 
for  the  as-grown  VGCF  [1].  The  thermopower  for  benzene- 
derived  VGCF  heat  treated  to  3000°  C  is  strikingly  similar  to 
the  thermopower  for  single  crystal  graphite  [8].  Our  data  in 
Fig.  2  agree  with  this  characterization. 

The  evolution  of  the  thermopower  from  the  as-grown  fiber 
(turbostratic)  to  the  nearly  graphite  fiber  is  interesting.  Endo, 
et  al  [8]  studied  the  thermopower  as  a  function  of  heat- 
treatment  temperature  (Tht)  for  benzene-derived  VGCF. 
Their  data  show  that  the  room  temperature  thermopower 
increases  as  a  function  of  increasing  Tht  from  1  pV/K  to  a 
peak  of  about  20  pV/K  at  a  Tht  of  1900°  C  [8].  Increasing 
the  Tht  further,  they  find  that  the  thermopower  decreases 
and  becames  negative. 

Resistivity  and  thermopower  for  two  composites  of  heat- 
treated  Pyrograf-I™  fibers  are  shown  in  Figs.  3  and  4.  For 
both  composites,  the  fiber  fraction  is  about  50%.  The 
thermopower  was  relatively  insensitive  to  the  host  material, 
however,  the  phonon  drag  peak  is  shifted.  For  the  fibers  in 
the  CER  matrix,  the  phonon-drag  peak  is  at  27  K  and  for  the 
carbon  matrix  the  phonon  drag  peak  is  at  18  K.  For  the 
isolated  heat-treated  fiber  (Fig.  2),  the  phonon-drag 
component  is  much  broader  and  has  maximum  at  35  K. 
Notice,  too,  that  the  thermopower  is  positive  at  room 
temperature  and  crosses  zero  below  100  K  and  has  no  peak 
around  150  K  like  the  isolated  heat-treated  fiber.  The 
thermopower  appears  to  be  intermediate  between  the  as- 
grown  and  heat-treated  fiber.  This  would  suggest  that  the 
process  of  fabricating  the  composite  material  has  introduced 
some  damage  or  disorder  to  the  fibers. 


Fig.  3.  Resistivity  for  Pyrograf-I™  fibers  in 
different  composite  matrices.  The  fibers  were 
heat-treated  at  2800°  C  prior  to  incorporation 
into  the  composites. 


Fig.  4.  Thermopower  for  Pyrograf-I™  fibers  in 
different  composite  matrices  as  in  Fig.  3. 
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Finally,  Fig.  5  shows  the  resistivity  and  thermopower  for 
Pyrograf-III™  fibers  embedded  in  a  nylon  matrix.  The 
fibers  compose  75%  of  the  composite.  These  fibers  are  only 
on  the  order  of  100  pm  long  so  they  are  not  continuous  along 
the  length  of  the  sample  which  was  15  mm.  The  fibers  are 
also  randomly  oriented  and  entangled.  As  a  result,  the 
resistivity  is  two  to  three  orders  of  magnitude  larger  than  the 
other  fiber  composites  (see  Fig.  3).  The  thermopower  data 
indicates  the  fibers  have  turbostratic  graphite  structure.  The 
thermopower  data  is  close  in  magnitude  and  form  to  the  as- 
grown  isolated  fiber  (Fig.  2).  It  was  assumed  that  the  as- 
grown  Pyrograf-III™  fibers  were  more  graphitic  than  the  as- 
grown  Pyrograf-I™  fibers  since  the  Pyrograf-III™  fibers 
contain  a  higher  fraction  of  catalytically-grown  carbon.  Our 
data  suggests  that  both  as-grown  fibers  have  about  the  same 
degree  of  graphitization. 


Summary 

We  have  measured  the  resistivity  and  thermopower  for 
differently-prepared  VGCF  and  composites.  Two  types  of 
commercial  fibers  were  used,  with  and  without  post-growth 
heat  treatment.  We  find  that  heat  treatment  significantly 
reduced  the  conductivity  while  moderately  increasing  the 
magnitude  of  the  thermopower.  The  host  material  of  the 
composite  altered  the  resistivity  but  had  little  effect  on  the 
thermopower.  Based  on  the  thermopower  data,  the  carbon 
fibers  in  the  composites  are  less  graphitized  than  the  isolated 
fibers. 
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Electrical  Properties  of  Porous  Oxides  of  Alkaline-Earth 
Metals  with  High  Thermoelectric  Efficiency 
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A.F.IoffePhysico-Technical  Institute,  RAS,  St.  Petersburg,  Russia 


Abstract 

Electrical  properties  of  porous  oxide  layers  investigated  with 
the  help  of  specially  developed  methods.  The  electrical 
conductivity  measurements  made  in  the  wide  range  of 
electrical  fields  by  developed  pulse  method.  The  method  of 
thin  metallic  probes  and  measurements  of  their  spreading 
resistance  in  o.l.  used  to  receive  the  parameters  of  electron 
gas  in  pores.  The  value  of  electrical  conductivity  of  contacts 
between  small  oxide  grains  separated  from  the  value  of 
electrical  conductivity  through  electron  gas  in  pores  at  high 
temperatures  by  measurements  of  spreading  resistance  and 
thermoemf,  and  their  changes  in  magnetic  field. 

The  results  of  these  experiments  are  giving  and  discussed 
below. 

Introduction 

The  most  important  characteristic  of  porous  oxides  (Ba,Sr)0 
and  (Ba,Sr,Ca)0  is  the  small  value  of  their  work  function, 
about  1.7ev  at  1000K.  Such  small  work  function  and  high 
porosity  results  in  the  pores  filed  with  electron  gas  and  thus 
reasonable  high  values  of  electrical  conductivity  and 
thermoemf  is  provided. 

These  peculiarities  of  oxide  properties  were  the  source  for 
A.F.Ioffe  and  B.Ja.Moizhes  idea  about  possibility  of  high 
thermoelectric  efficiency  in  these  materials  [1,2]. 

This  paper  is  the  third  part  of  the  work  about 
“Thermoelectric  Properties  of  Porous  Oxides  of  Alkaline- 
Earth  Metals”.  The  first  part  [3]  presents  the  experimentally 
received  data  about  thermoelectric  efficiency  of  these 
materials.  The  second  part  [4]  discusses  the  peculiarities  of 
thermal  conductivity  of  porous  oxides  at  high  temperatures 


(>1000K).  Now,  in  the  third  part,  we  will  describe  the 
developed  methods  for  investigation  electrical  properties  of 
oxide  layers  and  will  analyze  the  experimental  results  with 


the  connection  of  oxide  structure  and  its  thermoelectric 
efficiency. 

Electrical  conductivity  of  oxide  layers  in  pulse  regime. 
Because  of  small  work  function  of  oxide  grains  and  high 
porosity  of  o.l. (-70-80%),  at  temperatures  >900-1000K 
pores 

are  filing  with  electron  gas.  Due  to  this  electron  gas,  the 
volt-ampere  characteristic  of  o.l.  must  become  nonlinear 
with  rise  of  electrical  field.  The  theoretical  V-A-curve 
calculated  [5]  for  o.l.  in  the  wide  range  of  electrical  fields. 
The  independence  of  electrons  free  path  length  l0  assumed 
from  their  energy,  emission  direction  and  from  electrical 
field  E .  The  result  of  calculation  is  show  on  the  fig.l.  In  so 
doing,  the  current  density  j  threw  o.l.  with  convex  form 
grains  is  j^4joLa/l0.  Here y0-is  the  current  density  from  grain 
surface.  La  -  is  mean  electron  drift  in  electrical  field  E 
direction  from  the  moment  of  electron  emission  until 
moment  of  its  grain  adsorption.  On  the  fig.l  5-is 
dimensionless  parameter:  B=eEl0/2kT^f(E)y  La/l0  =F(B).  In 
the  case  of  weak  field  (B«l)  La/l0=(2/3)B  and: 

,_4/0  e^nE 

^  3  yflnjnkf  ^  ^ 

In  the  case  of  strong  field  (£»1),  when  the  voltage  drop  on 
the  free  path  length  became  about  or  more  than  kT/e ,  we 
have 

(La/la)=l  and: 

Mu  (2) 

In  general  case: 

j=4j0(La/lJ=4j0F(B)  (3) 


probes(Ni)  x=  lmsec;  £=50  imp/sec 
Here:  e  and  m-  charge  and  mass  of  electron,  ft-Boltzman 
constant.  Experimental  V-A-characteristics  measured  in 
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pulse  regime:  pulse  duration  was  1  microsec,  frequency 
repetition  was  50  herz.  Each  sample  of  o.l.  was  located  in 
vacuum  (~  10'7  Torr)  between  faced  surfaces  of  two  hollow 
cylindrical  electrodes  from  Ni.  Each  electrode  had  its  W- 
heater  and  thin  Pt-PtRli  thermocouple.  The  thickness  of  the 
samples  was  in  the  range  of  100-300mcm.  The  V-A- 
characteristics  for  a  sample  of  o.l.  with  thickness  200micron 
and  for  its  three  parts  (upper,  middle  and  lower),  divided  by 
two  probes,  are  given  on  the  fig.2. 

All  these  V-A-characteristics  are  roughly  linear  in  the  region 
of  weak  fields  (below  £w~1.102  v/cm).  The  electrical 
conductivity  here  is  determined  practically  completely  by 
electron  gas  in  pores.  The  nonlinearity  is  arise  when  passing 
from  this  region  to  region  of  middle  fields  (till  £m~3.103 
v/cm).  Here  the  experimental  and  theoretical  V-A- 
characteristics  are  in  sufficient  agreement.  In  the  strong 
fields  (above  Es~4. 103v/cm)  they  are  in  increasing  non¬ 
conformity,  probably,  because  of  electrical  or  thermal  break¬ 
down  of  the  contacts  between  oxide  grains. 

Therefore,  as  electrical  conductivities  through  electron  gas 
in  pores  and  through  contacts  between  grains  are  connected 
in  parallel  (see  [3]  and  fig.4  here),  the  field  above  E„  will 
decrease  the  total  cr0  and  aD  of  o.l.  and  can  resulted  in  a 
drop  of  thermoelectric  efficiency. 

Method  of  thin  metallic  probes  in  the  o.l. 

The  experimental  investigations  (in  the  weak  fields  region) 
of  electrical  conductivity  cr  of  porous  oxide  layers  and  the 
parameters  of  electron  gas  in  pores  (concentration  n, 
mobility  u  and  free  path  length  la  of  electrons)  were  made 
with  the  help  of  specially  developed  method  of  thin  metallic 
probes.  This  method  permits  to  establish  the  connection  of  a 
and  these  parameters  with  the  structure  and  work  function  <p 
on  different  depth  of  o.l.  [3,6,7], 

The  method  based  on  measurements  of  the  probe  spreading 
resistance  and  its  changes  in  magnetic  field.  One  (fig.3)  thin 
metallic  probe  located  in  o.l.  between  two  metallic  electrodes 
(1).  The  spreading  resistance  R„=V/I  measured  by  passing 
the  current  1  at  potential  difference  V  between  the  probe  and 
two  connected  electrodes.  The  electrical  conductivity  cr  of 
o.l.  can  be  calculated  from  [3,6]: 


In 


(7  = 


2  7V.R.I 


(4) 


where  c-probe  radius  ( r«d ),  lp  -probe  length  and  r0  : 

ra  =  2  (d/p)  sin(m/d),  (5) 

where  d- o.l.  thickness,  a-  probe-electrode  distance.  The 
value  ra  is  a  radius  of  equivalent  concentric  with  probe 
metallic  cylinder  (o.l.  located  between  this  cylinder  and  the 
probe),  which  give  the  same  spreading  resistance  as  we 
receive  it  at  real  geometry  of  o.l.  and  the  bases  (electrodes). 
The  structure  of  formulas  (4)  and  (5)  is  such,  that 
measurement  mistakes  in  o.l.  thickness  d  and  in  probe 
location  a  slightly  (logarithmically)  influence  on  measuring 
o.l.  electrical  conductivity  cr.  Therefore  a  determination 


from  measuring  Rsr  is  more  precise  method  then  usual  used 
method  from  measuring  probe  potential  when  the  definite 
current  pass  through  o.l.  It  can  be  seen  from  (4),  (5)  that 
main  value  of  spreading  resistance  is  create  by  o.l.  just 
located  around  the  probe.  Therefore,  if  o.l.  electrical 
conductivity  is  changed  across  its 


fig.3  Oxide  layer  with  a  probe  between  two  cylindrical 
electrodes  (1). 

thickness,  we  can  expect  that  a  calculated  from  formulas 
(4), (5)  will  give  value  close  to  local  electrical  conductivity 
near  the  probe.  For  determine  parameters  of  electron  gas  in 
o.l.  pores,  was  used  method  of  spreading  resistance  changing 
in  magnetic  field  H  applied  parallel  to  probe.  In  this  case, 
the  current  j  through  o.l.  will  go  under  some  angle  to 

UH 

electrical  field  E  and  in  weak  magnetic  field  H  ( - «  1 , 

c 

where  c-velocity  of  the  light)  the  following  usual  formula  for 
resistance  change  in  magnetic  field  can  be  used 

A Rsr  9  n  (  uH  v 

R  “  16  l  c  , 


(6) 


Thus  from  the  measurements  of  spreading  resistance 
changing  in  magnetic  field  we  determine  electron  mobility  u 
in  pores  of  o.l.  near  the  probe  from  (6).  By  using  value  of 
electrical 

conductivity  a  from  (4)  and  value  of  mobility  w,  the  electron 
concentration  n  in  pores  calculated  from  a  = enu .  The 
electron  free  path  length  iQ  in  o.l.  pores  can  be  received  from 
the  following  temperature  dependence  of  electron  mobility  u 
(when  lQ  is  not  depend  from  electron  energy): 

4  el 

U~ - r  (7) 

3  4l7i.mkT 


The  electron  work  function  of  oxide  grains  can  be 
determined  from  measurements  of  thermoemf  temperature 
dependence  or  from  measurements  of  electron  concentration 
dependence  from  temperature.  Experimental  devices  (tubes) 
with  o.l.  located  between  two  cylindrical  electrodes  (see 
above  and  fig.3)  used  for  investigation  a  and  parameters  of 
electron  gas  in  the  pores.  For  the  probe  disposed  in  o.l.  used 
wires  from  Ni  (017micron).  The  probe  wire  was  heated  by 
alternating  current  (f=50Hz)  to  compensate  cooling  of  o.l. 
around  because  of  heat  removal  threw  metallic  wire- 
contacts..  For  this  sample  (with  thickness  100  micron)  the 
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following  values  were  measured:  probe  spreading  resistance 
Rsr  and  its  changing  A  Rsr  /Rsr  in  magnetic  field.  These 
measurements  allowed  to  receive  the  following  parameters: 
electrical  conductivity  a;  mobility  w,  free  path  length  l0  and 
concentration  n  of  electron  in  pores  and  the  work  function  (p 
for  o.l.  around  the  probe.  From  the  measurements  of  R  and 
A RJR  for  o.l.  between  two  electrodes  was  received  values  of 
crJo ,  %  n>  <P  “  average  throughout  the  all  layer.  All  these 
parameters  are  listed  in  table  1  for  three  temperatures  of  o.l. 
From  these  data  for  electron  free  path  length  in  pores  near 
probe  and  for  all  o.l.,  it  may  be  concluded  that  o.l.  density 
was  not  uniform  across  its  thickness.  0.1.  density  near  probe 
is  higher  than  for  all  o.l.  That  non-uniformity  of  o.l.  density 
is  connected  with  technology  of  carbonate  deposition  on  the 
probe.  First  layers  of  carbonate  are  more  condensed  (packed) 
during  their  pulverization  on  metallic  surface  of  the  probe. 
Because  of  smaller  electron  free  path  length  of  this  thin 
oxide  layer,  electrical  conductivity  near  probe  was  lower 
than  the  average  o.l.  electrical  conductivity  at  high 
temperatures.  A  small  change  of  a  near  probe  (in 
comparison  with  a  between  two  electrodes)  produced  only 
by  structural  cause  and  is  not  effect  of  activity  changing  of 
these  layers.  The  last  circumstance  is  confirmed  by 
agreement  (within  the  limits  of  0.03-0.05ev)  between  work 
function  of  the  layer  around  probe  and  average  work 
function  of  the  full  layer  thickness  (p  for  three  values  of  o.l. 
temperatures  at  which  measurements  made. 

The  correlation  between  values  a  and  oxide  densities  can  be 
seen  clearly  in  low  temperature  region  (below  curve  bend  of 
the  relationship  Ig  ( 1/T ),  fig.4).  The  smaller  is  the  electron 
free  path  length  in  pores  of  oxide  layer  (near  the  probe),  the 
greater  a  is  at  low  temperature.  Hence,  at  low  temperature 
the  electrical  conductivity  a  is  defined,  in  large  part,  by 
contacts  between  grains.  The  important  role  of  the  grain 


fig.  4  The  dependences  lg  a  and  a  from  1/T  for  whole  layer 
(k-k)  and  near  the  probe  (Ni-wire). 
contacts  can  be  seen  also  from  the  data  of  thermal 
conductivity  (see  [4])  and  from  measurements  of  potential 
distribution  when  to  the  layer  is  applied  a  big  pulse  voltage 


(see  above).  The  developed  method  of  metallic  probe  in  o.l. 
is  permit  to  separate  the  electrical  conductivity  of  crystal 
frame  (grains+contacts)  oj  from  the  o.l.  total  electrical 
conductivity  cr0.  For  this  purpose,  it  must  be  measured  the 
thermoemf  changing  Aa/ao  in  magnetic  field  H 
simultaneously  with  the  probe  spreading  resistance 
changing  ARsr  /Rsr  in  this  field.  The  ratio  of  frame 
electrical  conductivity  cr^  to  the  total  electrical 

conductivity  aQ  can  be  received  with  the  help  of  equation, 
obtained  by  B.Ya.Moizhes[2]|: 


1  ~Y 


1  ~Y 


a , 


(8) 


a„ 


where 


r  = 


r 

v1+ A R 


■IK 


vi 


(9) 


All  values  in  (8)  and  (9)  can  be  measured.  The  meaning  of 
a0  is  conventional  to  be  equal  0,3  mV/°C.  It  is  corresponded 
to  average  value  of  a /,  received  by  extrapolation  the 
dependence  a=f(l/T),  (fig.4)  from  low  to  high  temperature 
region.  The  error  in  a '/  is  scarcely  affected  on  the  calculated 
value  of  af/a0,  because  ar«a0.  The  experimental  results  for 
two  temperatures  of  o.l.  are  presented  in  tab.2.  As  it  is  seen 
from  tab.2,  the  crystal  frame  electrical  conductivity  <jj  is  not 
more  then  5%  from  total  value  g0  at  temperatures  above 
1000K 


Conclusions 

The  total  electrical  conductivity  a0  at  high  temperatures  is 
determined  (see  fig.4  and  [4])  by  two  mechanisms,  acting  in 
parallel:  through  electron  gas  in  pores  crp  and  through 
crystal  frame  G/  (grains+contacts  between  them).  From 
experimental  determining  the  values  of  Rsr, 

- —  —  f(H2)  and  — — —  ~  f(H2)  it  was  shown,  that 

^ sr  ^  o 

at  high  temperatures  (>  1000K)  electrical  conductivity  of 
crystal  frame  Of  not  exceeded  ~5%  from  aQ.  Extrapolation 
from  low  temperature  region  of  the  dependence  <j0~lg(l/T) 
(where  <jQ  ),  to  region  of  high  temperatures,  confirm  this 
estimate. 

Such  value  of  <jf  will  not  increase  while  the  electrical  field 
remains  weak  (till  E~1.10"2  v/cm).  The  proportion  (quota) 
of  electrical  conductivity  through  crystal  frame  Of  will  rise, 
as  the  electrical  field  will  increase.  Finally  that  can  lead  to 
the  drop  in  thermoelectric  efficiency.  Thus,  within  the  range 
of  high  temperatures  and  weak  fields,  electrical  conductivity 
<j0  is  determined,  almost  completely,  by  the  electron  gas  in 
pores,  that  is,  by  the  work  function  cp  of  o.l.  grains  (as 
electron  concentration  in  pores  n~exp{-e(p/kT}  ).  That  is  the 
most  important  property  of  o.l.  electrical  conductivity  a0.  As 
indicated  in  [4],  the  total  thermal  conductivity  %Q  at 
T>  1000K  almost  completely  determined  by  transparency  of 
porous  o.l.  By  this  means,  the  porous  o.l.  is  an  unique 
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material  in  which  at  T>1000K  the  values  aQ  and  %0  are 
practically  divorced  from  each  other.  It  is  because  they 
determined  by  two  independed  mechanisms  of  charge  and 
heat  transfer.  There  is  not  such  binding  between  them,  as  the 
Viedeman-  Franz  law.  This  is  one  of  the  main  property  of 
the  material,  which  permitted  to  receive  [3-4]  high  values  of 
thermoelectric  parameters  zT=1.2-1.7  at  T>  1000K. 
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Table  L  Electrical  parameters  of  the  o.l.  near  the  probe  and  between  electrodes. 


T0.,. 

905K 

996K 

111  IK 

param-s 

units 

elctr-elctr 

probe 

elctr-elctr 

probe 

elctr-elctr 

probe 

a 

kseim 

■HMin— 

5.8. 10'3 

4.4. 10'3 

lo 

mkm 

6.2 

3.4 

4.2 

2.9 

4.8 

2.2 

u 

4.9. 104 

HEESfiH 

3.2. 104 

2.2. 104 

3.5. 10. 4 

1.62. 104 

n 

cm'3 

HEUEHI 

1.1. 1012 

5.6.10" 

1.9. 1012 

1.7. 1012 

<P 

ev 

1.54 

1.57 

1.60 

1.66 

1.75 

1.76 

Table  2.  Results  of- 


ARsr  A  a 

measurements  from - and - data. 


R, 


ar 


T 

A  Rsr/Rsr 

A  a/aQ 

af 

% 

aQ 

<Jf  /a0 

K 

(H=1400  Oe) 

(H=1400  Oe) 

mv/  deg 

ev 

mv/  deg 

915 

0.322 

0.0273 

0.3 

1.74 

2.07 

0.095 

1090 

0.212 

0.0102 

0.3 

1.86 

1.88 

0.053 
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Abstract 

Thermoelectric  materials  with  high  Z's  have  been  searched 
for  recently  among  semiconducting  oxide  ceramics  for  the 
purpose  of  power  generation  at  high  temperatures  in  an  air 
atmosphere.  Metallic  oxides  consisting  of  non-transition 
metal  elements  which  would  possibly  have  large  band 
widths  and  high  carrier  mobility  have  been  the  target 
materials.  One  possible  oxide  group  is  that  having  In203  as 
a  main  component.  In  the  present  study,  homologous 
compounds  of  (Zn0)mln203  (m  =  integer)  with  layer 
stmctures  were  synthesized  by  reaction-sintering  the  powder 
mixtures  of  ZnO  and  I112O3  at  1823K  for  2h  in  air.  Their 
thermoelectric  characteristics,  i.e.  electrical  conductivity, 
Seebeck  coefficient,  and  thermal  conductivity  were  measured 
at  500  -  1000K.  Their  Z  depended  on  the  composition  and 
the  microstructure. 

Introduction 

Refractor}7  ceramic  semiconductors  could  be  applied  to  high- 
temperature  thermoelectric  energy  conversion  because  of 
their  high  thermal  stability  and  corrosion  resistance. 
Recently  metallic  oxides  having  rather  high  electrical 
conductivity,  such  as  (Znl-xAlx)0[l],  In203-Sn02[2],  and 
Cdln204[3  ]have  been  investigated  to  seek  for  their  possible 
thermoelectric  applications.  However,  the  most  important 
problem  we  face  is  that  refractory  oxides  of  metals  usually 
show  only  very7  low  energy  conversion  efficiencies,  and  it  is 
urgently  desired  to  improve  their  thermoelectric  properties. 

Homologous  compounds,  (Zn0)mln203  (m^dnteger),  have 
very  unique  crystal  stmctures  with  space  groups  of  R3m 
(for  m=odd)  or  P63/mmc  (for  m=even)[4-6]  that  are 
composed  of  layers  of  InOl.5,  (InZn)02.5,  and  ZnO 
periodically  stacking  in  the  c-axis  direction.  Combination  of 
the  semiconducting  oxides  having  fairly  high  electrical 
conductivity  with  high  carrier  mobility  would  be  expected 
to  give  rise  to  a  complex  oxide  with  good  thermoelectric 
properties.  Homologous  compounds  of  (Zn0)mln203  were 
chosen  from  this  point  of  view.  This  is  the  first  report  on 
the  thermoelectric  properties  of  (Zn0)mln203. 

Experimental  Procedure 

Starting  materials,  ZnO  powder  and  In203  powder(purity: 
99.99%,  average  particle  size  :1pm  for  both  powders)  were 
weighed  in  specific  proportions  to  giv  e  ZnO  In203  molar 
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ratios  of  3  to  11  and  mixed  using  an  alumina  mortar  with 
ethanol.  The  mixed  powders  were  dried  and  pressed  into 
compacts  under  the  isostatic  pressure  of  196MPa,  and  then 
reaction-sintered  at  1823K  for  2h  in  air.  Cry  stalline  phases 
of  the  sintered  bodies  were  identified  by  powder  X-ray 
diffraction(NRD)  using  CuKa  radiation,  and  their 
micros tructures  were  observed  with  a  scanning  electron 
microscope(SEM)  and  a  transmission  electron 
microscope(TEM).  Compositions  of  the  sintered  bodies 
were  measured  using  an  inductively  coupled  plasma(ICP) 
spectroscopic  analyser.  Relative  densities  of  the  sintered 
bodies  were  measured  by  an  Archimedes  technique. 

The  specimens  for  electrical  measurements  were  cut  out  of 
the  sintered  bodies  into  rectangular  bars  of  6  x  6  x  18mm 
with  a  diamond  saw.  Heads  of  the  two  Pt-Ptl3%Rh 
thermocouples  were  embedded  in  the  drilled  holes  at  the  ends 
of  a  specimen  and  they  were  fixed  by  platinum  wires. 
Electrical  conductivity  and  therm oelectromotive  force  were 
measured  simultaneously  for  the  same  specimen  at  500  to 
1 100K  under  Ar  atmosphere. 

Thennal  diffusivity  and  specific  heat  capacity  were  measured 
by  a  usual  laser  flash  method  The  disk  specimen  was  set  in 
an  electric  furnace,  and  heated  up  to  a  target  temperature  in 
vacuum.  .After  the  temperature  became  stabilized,  the  front 
surface  of  the  specimen  was  irradiated  by  a  ruby  laser  pulse. 
The  temperature  variation  at  the  rear  surface  was  monitored 
with  a  Pt-Ptl3%Rh  thermocouple  and  an  InSb  infrared 
detector.  The  thennal  conductivity^)  was  calculated  from 
thermal  diffusivitiy,  specific  heat  capacity  and  density. 

Results  and  Discussion 

Crystalline  phases  and  microstructure 
Figure  1  shows  the  measured  XRD  patterns  of  the  sintered 
bodies  synthesized  by  reaction-sintering  the  ZnO  and  In203 
mixed  powders  and  those  for  (001)  reflections  calculated 
from  the  lattice  constants  of  a  hexagonal  cell  winch  were 
calculated  from  the  following  equation  proposed  by 
Nakamura  et  al.[6], 

ceald  =  {p  +  q+  (m-l)*r}*z 

where  Ccalcd  is  the  thickness  of  the  unit  cell  in  the  c-axis 
direction,  p  is  the  thickness  of  InOl.5  layer,  q  is  the 
thickness  of  (InZn)02.5  layer,  r  is  the  thickness  of  ZnO 
layer,  and  z  is  the  number  of  formula  unit  in  a  unit  cell. 
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(  A) 


Fig.  1.  (A)  X-ray  diffraction  patterns  of  (Zn0)mln203 
sintered  bodies  synthesized  by  reaction- sintering  the  ZnO 
and  In203  mixed  powders  [Zn0/In203  molar  ratios=(a)  3, 
(b)  5,  (c)  7,  (d)  9,  and  (e)  11]  and  (B)  those  calculated  from 
the  lattice  constants  of  hexagonal  axis. 

The  employed  values  are  as  follows;  (p  +  q)  =  0.8951(nm), 
r  =  0.2602(nm),  z  =  3  for  m=odd,  and  z  =  2  for  m=even.  X- 
ray  diffraction  angles  for  the  sintered  bodes  synthesized 
from  Zn0/In203  molar  rati  os -5,  7,  and  9  coincided  with 
tliose  calculated  from  the  lattice  constants.  However,  for 
other  starting  compositions,  i.  e.  m^3  and  11,  XRD 
patterns  corresponding  to  either  m=4  or  unknown  phases 
were  additionally  observed. 

Figure  2(a)  shows  a  typical  SEM  photograph  of  the 
microstructure  of  a  single-phase  sintered  bod}  polished  and 
thermally  etched  at  1523K.  It  is  interesting  to  note  that 
parallel  stripes  can  be  seen  in  each  grain.  They  may  reflect 
the  existence  of  planar  defects,  possibly  stacking  faults 
(twin  and  deformation  faults),  judging  from  the  high- 
resolution  TEM  photograph  shown  in  Fig.  2(b).  However, 
no  preferred  crystal -axis  orientation  was  observ  ed  in  XRD 
patterns  indicating  that  these  planar  defects  are  randomly 


distributed  in  a  whole  sintered  body.  Sintered  samples  were 
almost  fully  dense  and  few  pores  were  observed  Table  1 
shows  Zn/'In  atomic  ratios  obtained  from  ICP 
analyses,  average  grain  sizes  and  bulk  densities  of 
the  sintered  bodes.  The  Zn/In  ratios  were  in  good 


Fig.  2.  (a)  SEM  photograph  of  the  surface  of  (Zn0)5lm03 
sintered  body  polished  and  thermally  etched  at  1523K:  (b) 
TEM  photograph  of  a  thin  section. 

accordance  with  those  of  starting  compositions.  Even 
though  the  average  grain  size  decreased  slightly  with 
increasing  m  in  (Zn0)mln203,  their  microstructures  were 
basically  similar. 

Thermoelectric  properties 

Figure  3  show's  the  temperature  dependences  of  Seebeck 
coefficient  and  electrical  conductivity  for  (Zn0)mln203  (m=5, 
7,  and  9)  specimens  and  a  dence  ZnO  sintered  body  for 
comparison.  Seebeck  coefficients  (Fig.  3(a))  were  always 
negative,  and  the  specimens  were  n-type  semiconductors.  It 
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should  be  noted  that  the  absolute  value  of  the  Seebeck 
coefficient  increased  with  increasing  temperature.  The 
obseved  temperature  dependence  is  not  usual,  since  the 
absolute  value  of  Seebeck  coefficient  decreases  with 
increasing  carrier  density  in  a  common  semiconductor. 

Table  1  .Analyzed  Zn/  In  atomic  ratios  (A.R.),  average 


grain  sizes  (A.G.)  and  bulk 
(Zn0)mln203  sintered  bodies. 

densities 

(B.D.)  of  the 

m  in  (ZnO)mIn203 

A.R. 

A.G.(pm) 

B.D.(gcm'3) 

5 

2.53 

10:9 

6.06 

7 

3.46 

9.1 

5.99 

9 

4.54 

6.3 

5.93 

Temperature  /  K 


(  a  ) 

Temperature  /  K 


Fig.  3.  Temperature  dependence  of  Seebeck  coefficient 
(a),  and  electrical  conductivity  (b)  for  (Zn0)mln203 
sintered  bodies  ;  O*  m=5,  #:  m=7,  □:  m=9,  and  A  :  pure 
ZnO. 

However,  similar  tendency  was  also  reported  for  (3-SiC  and 


boron  carbide,  and  w  as  analyzed  in  terms  of  the  phonon-ckag 
effect  [7]  and  the  small  polaron  hopping  conduction [8], 
respectively.  The  phonon  drag  effect  was  also  observed  for 
ZnO  at  80  to  300K;  Seebeck  coefficient  was  HOOfiVK'1  at 
300K  and  30000PVK'1  at  80K,  respectively [9]. 

Figure  3(b)  shows  that  the  electrical  conductivity  decreased 
gradually  with  increasing  temperature,  which  would  indicate 
metallic  conduction  taking  place  at  first  sight.  However,  the 
electrical  conductivity  of  (Zn0)mln203  is  rather  low  and  the 
Seebeck  coefficient  is  rather  large  for  metallic  conduction. 
We  would  rather  believe  that  the  concentration  of 
conduction  electrons  is  quite  high  and  fixed  in  the  present 
temperature  range  possibly  because  the  carrier  density  is 
determined  by  the  valency  control  mechanism  expressed  as 
the  following  equation  which  was  possibly  induced  by 
certain  small  deviations  from  stoichiometric  compositions; 

InOi,5=InZn'+e'+Oo*  +  l/402(g) 

If  this  is  the  case  for  carrier  generation  and  the  carrier 
density  is  fixed  in  the  present  temperature  range,  the 
temperature  dependence  of  electrical  conductivity  would  have 
reflected  that  of  carrier  mobility  decreasing  with  increasing 
temperature.  However,  the  anomalous  temperature 
dependence  of  Seebeck  coefficient  shown  in  Fig.  3(a)  must 
then  be  attributed  to  a  certain  unusual  mechanism,  such  as  a 
phonon  drag  effect.  On  the  contrary,  if  the  carrier  density 
decreases  with  increasing  temperature  possibly  due  to  ,  for 
example,  the  reduction  of  In3+  to  In\  the  observed 
temperature  dependences  of  both  electrical  conductivity  and 
Seebeck  coefficient  can  be  regarded  as  quite  common  and 
understandable.  To  clarify  which  mechanism  dominantly 
works,  Hall  effect  measurements  for  instance  would  be 
necessary,  and  a  further  detailed  investigation  on  the 
electrical  conduction  mechanism  will  appear  in  our  future 
publication. 


Temperature  /  K 


Fig.  4.  Temperature  dependence  of  thermal  conductivity 
for  (ZnO) min 2O3  sintered  bodies;  O:  m=5,  •:  m=7,  □: 
m-9,  and  A:  pure  ZnO. 


174 


15th  International  Conference  on  Thermoelectrics  (1996) 


Figure  4  shows  the  temperature  dependence  of  the  thermal 
conductivity  calculated  from  specific  heat  capacity,  thermal 
dffusivity,  and  bulk  density.  Specific  heat  capacity 
decreased  and  thermal  diffusivity  slightly  increased  leading 
to  a  decrease  in  thermal  conductivity  with  increasing  m  in 
(Zn0)mln203.  Thermal  conductivity  of  ZnO  estimated  from 
the  reported  data[10]  is  much  higher  than  those  of 
(Zn0)mln203  at  low  temperatures,  and  similar  at  high 
temperatures.  Thermal  conductivity  could  be  decreased  by 
enhancing  the  phonon  scattering  generally,  and  the 
incorporation  of  In203  into  ZnO  constituting  a  layered 
structure  must  have  enhanced  the  phonon  scattering  and 
hence  lowered  its  thermal  diffusivity. 

Figure  5  shows  the  temperature  dependence  of  the 
thermoelectric  figure  of  merit,  Z(=aal Ik),  calculated  using 
the  data  shown  in  Figs.  3  and  4.  The  figure  of  merit 
increased  with  increasing  temperature  and  increasing  m  in 
(Zn0)mln203.  The  figure  of  merit  of  ZnO  is  also  shown  in 
Fig.  5  for  comparison.  Although  this  result  firmly  suggests 


Fig.  5.  Temperature  dependence  of  figure  of  merit  for 
(ZnO) min 20 3  sintered  bodies;  O:  m=5,  •:  m=7,  □: 
m=9,  and  A:  pure  ZnO. 

that  the  optimum  value  of  m  in  (Zn0)mln203  apparently 
exists  between  m=9  and  m=oo (pure  ZnO)  giving  the  largest 
figure  of  merit,  homologous  compounds  with  the  values  of 
m  larger  than  9  were  unable  to  synthesize  in  single  phase 
forms  and  the  optimum  composition  could  not  be 
determined  However,  though  the  figures  of  merit  of  the 
homologous  compounds  are  not  so  high  compared  to  those 
of  non-oxide  thermoelectric  materials,  such  as  Bi2Te3[ll] 
and  PbTe[12],  they  are  comparable  to  or  higher  than  those 
of  other  oxide  materials  so  far  reported  Moreover,  as  the 
figure  of  merit  becomes  large  at  relatively  high  temperatures, 
these  compounds  can  be  regarded  as  candidates  for  high- 
temperature  applications.  Appropriate  doping  and 
microstructure  control  would  be  effective  to  further  improve 
the  thermoelectric  properties  of  this  compound  series. 
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Abstract 

La(2_x)SrxCu04  is  unique  among  the  high  Tc 
superconductors  with  high  values  of  Seebeck  coefficient  in 
the  normal  state  for 

x  <  0.1  ,  in  addition  to  a  low  thermal  conductivity.  Seebeck 
coefficient  and  electrical  conductivity  were  measured  for 
samples  of  sintered  and  single  crystal  La]  ^SrQ  05Q1O4  in 
order  to  look  for  the  optimum  concentration  of  Sr  as  related 
to  its  thermoelectric  properties  at  room  temperature.  At  this 
doping  level  this  material  is  in  the  region  of  metaLinsulator 
transition.  Room  temperature  values  of  147  |i.V/K  and 
0.01  Qcm  for  the  Seebeck  coefficient  and  the  electrical 
resistivity,  respectively,  were  obtained  for  a  sintered  sample. 
For  a  single  crystal  of  the  same  composition,  the  Seebeck 
coefficient  parallel  to  the  ab  planes  is  143  |iV/K  and  along 
the  c  axis  it  is  156  p.V/K.  The  electrical  resistivity  was 
measured  only  along  the  ab  planes,  down  to  about  9K.  The 
R.T.  value  was  0.03  Qcm.  No  significant  change  was 
observed  after  annealing  ,  either  in  oxygen  or  in  vacuum. 
There  is  a  significantly  different  behavior  of  the  temperature 
dependence  of  the  resistivity  between  the  sintered  and  single 
crystal  samples:  the  sintered  sample  has  a  metallic  behavior 
from  room  temperature  down  to  80K,  and  there  is  no 
superconducting  transition  above  10K  -  whereas  the  single 
crystal  shows  semiconducting  behavior  from  R.T.  down  to 
the  superconducting  transition  with  an  onset  temperature  of 
17K  (along  the  lower  resistivity  ab  planes).  Our  data  are 
compared  with  published  data  of  different  values  of  x  in  the 
system  La(2-x)^rx^u^4* 

Introduction: 

La2-xSrxCu04  is  uni9ue  among  the  high-Tc  superconductors 

with  high  values  of  Seebeck  coefficient  in  the  normal  state,  in 
addition  to  a  low  thermal  conductivity  (1-5).  The  room 
temperature  Seebeck  coefficient  data  are  discussed  by  some 
of  us  in  a  separate  paper  (6).  Unlike  in  Bi2Te3,  there  is  a 

significant  anisotropy  of  the  Seebeck  coefficient  in  this 
material,  the  ratio  Sc/Sab  increases  about  ten-fold  with 

increasing  x  (the  dopant  concentration),  from  0.05  to  0.25 
(4,6).  On  the  other  hand  there  is  only  a  small  decrease  of  the 
ratio  pc/pab  with  increasing  x,  with  pc  two  order  of 

magnitude  higher  than  pa^  (4),.  (where  S  is  the  Seebeck 


coefficient,  the  electrical  resistivity,  pc  denotes  the 
orientation  parallel  to  the  crystallographic  c  axis  and  pa^ 

denotes  orientation  parallel  to  the  ab  planes).  In  order  to  look 
for  the  optimum  concentration  of  Sr,  as  related  to 
thermoelectric  properties,  we  measured  the  Seebeck 
coefficient  and  electrical  resistivity  of  sintered  and  single 
crystal  samples  of  Laj  ^SrQ  05CUO4.  At  this  doping  level  of 
strontium  the  material  is  within  the  region  of  metal-insulator 
transition,  were  the  expected  value  of  the  Seebeck  coefficient 
is  in  the  range  of  100-200  |aV/K.  Above  x  =  0.1  the  material 
has  a  metallic  behavior  (4). 

Experimental: 

Details  of  the  preparation  of  the  sintered  samples  as  well  as 
the  growth  of  the  single  crystal  by  the  float  zone  refining 
technique  are  reported  in  previous  publications^, 7). 
Resistivity  measurements,  in  the  temperature  range  9K  - 
300K,  were  done  by  the  standard  four-probe  method,  using 

samples  with  dimensions:  1x1x5  mm^.  The  electrical 
contacts  were  made  by  a  silver  paint.  Samples  of  single 
crystal  were  cut  after  orientation  alignment  by  x-ray  Laue 
photographs  so  that  the  a-b  planes  were  parallel  to  the  long 
dimension  of  the  sample.  Samples  for  Seebeck  measurements 

were  cut  2x2x2  mm^  after  being  oriented  by  x-ray  Laue 
photographs  so  that  the  c  axis  was  perpendicular  to  one  of  the 
faces  of  the  cube. 

Results  and  Discussion: 

Fig.l  shows  powder  x-ray  diffraction  of  crushed  sample  of 
the  single  crystal,  which  shows  that  it  is  a  single  phase. 
Measured  room  temperature  Seebeck  data  are  given  in  table 

1: 


Table  1  -  measured  r.t.  seebeck  data  for  Laj  ^SrQ  05CUO4 


^sintered 

^a-b 

Sc 

^calculated 

^c^a-b 

147 

(liV/K) 

143 

(liV/K) 

156 

(|i.V/K) 

134 

(|iV/K) 

1.09 

The  room  temperature  data  were  found  to  be  temperature 
independent  in  the  range  used  in  our  measurements:  298K  - 
313K. 


*  Permanent  address:  Dept,  of  Solid  State  Physics,  Soreq  N.R.C.,  Yavne  81800,  Israel. 
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Fig  1.  XRD  of  crushed  sample  of  single  crystal 
Lal  .95Sr0.05CuO4* 
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At  this  low  doping  level  the  anisotropy  is  small,  (pure 
La2CuC>4  is  isotropic  with  respect  to  the  Seebeck  coefficient 

(6)).  The  value  of  S  calculated  from  the  Heikes  formula  (8) 
is  in  good  agreement  with  the  measured  values.  Assuming  a 
random  orientation  for  the  sintered  sample,  a  value  of 
^random  ~  1/3SC  +  2/3Sa_^  could  be  expected.  From  our  data 
^random  ”  147  pV/K  which  coincides  with  the  measured 
value  for  the  sintered  sample.  At  higher  doping  levels  the 
values  of  Srancjom  were  always  higher  than  the  measured 

^sintered’  alwaYs  closer  to  the  measured  values  of  Sa_^ 

(6). 

Figs.  2a  &  2b  show  the  temperature  dependence  of  the 
electrical  resistance  of  a  sample  of  single  crystal 
La]  ^SrQ  05Q1O4  in  the  (110)  orientation  (in  the  a-b 

planes).  2a  is  of  a  sample  annealed  in  pure  oxygen  for  48  hrs. 
and  2b  is  of  the  same  sample  annealed  in  vacuum  at  500C  for 
1 4  hrs.  No  significant  difference  between  the  two  treatments 
is  observed,  which  shows  that  the  crystal  did  not  released  or 
absorbed  oxygen  under  reducing  or  oxidizing  conditions, 
respectively.  Both  measurements  show  a  semiconducting 
behavior  from  room  temperature  down  to  the  transition 
temperature,  which  indicates  two  transitions,  one  at  about 
26K  (a  very  small  fraction  of  the  sample)  and  the  second 
transition,  of  the  main  phase,  with  an  onset  at  17K.  An 
expanded  scale  of  figs.  2a  and  2b  near  the  transition 
temperature  is  shown  in  figs.  2c  and  2d.  The  room 
temperature  resistivity  in  the  (110)  direction,  from  this 
measurement,  was  0.03  Qcm. 


£ 

-C 

O 

CL 


2 

1.5 

1 

0.5 

0 


50  100  150  200  250  300 

T  (K) 

2b 


T  (K) 


177 


15th  International  Conference  on  Thermoelectrics  (1996) 


0  5  1  0  1  5  20  25  30  35 

T  oK 

Fig  2.  Temperature  dependence  of  the  electrical  resistance  of 
single  crystal  Laj  ^SrQ  Q5CUO4  in  the  (110)  orientation,  (a) 

sample  annealed  in  pure  oxygen  for  48  hrs.  (b)  same  sample 
annealed  in  vacuum  at  500C  for  14  hrs.  (c)  &  (d)  expanded 
scales  of  (a)  &  (b)  near  the  superconducting  transition 
temperature. 

Fig.  3  shows  the  temperature  dependence  of  the  electrical 
resistance  of  a  sintered  sample  of  La] .95Sro  05CUO4.  The 
behavior  is  entirely  different:  from  room  temperature  down  to 
about  80K  it  shows  a  metallic  behavior  and  there  is  no 
superconducting  transition  above  10K  (which  was  the 
minimum  temperature  that  we  could  reach  in  our  system). 
The  room  temperature  resistivity  from  this  measurement  was 
0.01  £2cm. 


0  50  100  150  200  250  300 

T  *K 

Fig  3.  Temperature  dependence  of  the  electrical  resistance  of 
a  sintered  sample  of  La]  95SrQ  Q5CUO4. 


Fig.4  shows  the  magnetic  susceptibility  of  a  sample  of  the 
single  crystal  ^SrQ^CuO^  The  onset  temperature  of 

the  superconducting  transition  is  not  sharp  but  similar  to  that 
measured  by  the  electrical  resistance,  around  16K. 
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Fig  4.  Temperature  dependence  of  the  magnetic  susceptibility 
of  a  single  crystal  La]  ^SrQ  Q5CUO4. 

According  to  Kimura  et.al.  (9),  for  a  sample  with  x=0.06,  the 
resistivity  shows  a  semiconducting  behavior  along  the  c  axis 
and  a  metallic  behavior  from  room  temperature  down  to 
around  100K,  in  the  a-b  planes  and  a  semiconducting 
behavior  at  lower  temperatures  down  to  the  transition 
temperature.  In  this  group  of  materials  the  general  trend  is  a 
transition  from  a  semiconducting  phase  to  a  metallic  phase  as 
the  doping  level  (and  holes  concentration)  is  increased.  The 
different  behavior  of  the  sintered  sample  and  the  single 
crystal  along  the  a-b  planes,  arises  from  difference  in  holes 
concentration  between  the  different  samples  and  reflects  the 
fact  that  this  doping  level  is  in  the  border  between  the 
semiconducting  and  metallic  phases,  so  that  relatively  small 
changes  in  holes  concentration  can  shift  from  one  type  of 
phase  to  the  other.  The  resistivity  along  the  c  axis  is  more 
than  two  order  of  magnitudes  higher  compared  with  that  in 
the  a-b  planes  for  the  same  value  of  x,  and  in  addition,  below 
x  =  0.1  it  shows  a  semiconducting  behavior.  Along  the  a-b 
planes  the  behavior  is  metallic  down  to  x  =  0.1  but  as  x  is 
decreased  a  semiconducting  behavior  starts  to  show  up  at  the 
low  temperature  range  (4).  Cieplak  et.  al.(10)  measured  the 
resistivities  along  the  a-b  planes  of  aligned  films  of 
polycrystals:  as  the  values  of  x  decreased  the  transition 
temperature  from  semiconducting  to  metallic  phase 
increased,  but  even  at  x  =  0.03  the  transition  to 
semiconducting  behavior  started  much  below  room 
temperature,  around  120K.  Our  measurements  on  single 
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crystal  show  for  x  =  0.05  a  semiconducting  behavior  up  to 
room  temperature. 

From  our  results  for  x  =  0.05  it  turns  out  that  compared  with 
x  =  0.1  the  thermoelectric  figure  of  merit  remains  in  the  same 
order  of  magnitude  because  the  increase  in  the  Seebeck 
coefficient  is  compensated  by  the  increase  in  resistivity: 
assuming  a  value  of  0.03  W/cm.K  (11)  for  the  thermal 
conductivity,  the  room  temperature  figure  of  merit  of  the 
sintered  Laj  ^SrQ  05CUO4  is  0.7x1 0"^  K'l.  For  the  single 

crystal  in  the  a-b  planes  it  is  0.2x10"^  K'1.  From  the  data 
of  Nakamura  et  al.  (4)  the  values  of  the  figures  of  merit 

for  x  =  0.1  and  x  -  0.15  ,  in  the  a-b  planes,  are  0.7x1 0"^  K"* 

and  0.3x1 0”4  K“*,  respectively.  The  values  in  the  a-b  planes 
are  overestimates  because  the  value  of  the  thermal 
conductivity  along  this  direction  is  expected  to  be  higher  than 
that  of  a  sintered  sample.  In  any  case  it  seems  that  reducing 
the  doping  level  to  shift  from  a  metallic  phase  toward  the 
semiconducting  phase  still  leaves  the  thermoelectric  figure  of 
merit  of  this  material  in  the  same  order  of  magnitude,  which 
is  more  than  one  order  of  magnitude  smaller  than  in  bismuth 
telluride  alloys.  Cassart  et  al.  (11)  find  the  same  order  of 
magnitude  for  sintered  samples  of  Ba  doped  lanthanum 
cuprate.  They  suggest  a  possible  improvement  of  the  figure 
of  merit  by  taking  advantage  of  the  anisotropy  of  this 
material,  based  on  the  results  of  Sera  et  al.  (2),  who  claim  that 
Sa_b  >  Sc,  contrary  to  all  other  published  results  which  show 
that  the  transport  properties  along  the  a-b  planes  are  always 
much  more  metallic  than  along  the  c  axis. 
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Abstract 

We  have  measured  the  electrical  resistivity,  p,  and  the 
thermopower,  S,  of  PrBa2Cu3_xGax07_5  in  a  temperature 
range  from  300  K  down  to  approximately  100  K.  Samples 
with  varying  amounts  of  Ga  substitution  (x  =  0.0,  0.2,  0.4, 
0.6,  and  0.8)  were  studied,  some  of  which  were  annealed  in 
flowing  O2  for  one  week  at  700°  C.  At  room  temperature 
the  resistivity  of  the  material  increases  by  several  orders  of 
magnitude  as  Ga  is  substituted  for  the  Cu.  The  thermopower 
increases  from  100  p,V/K  for  x  =  0.0  to  approximately 
300  pV/K  when  x  =  0.2.  The  value  does  not  continue  to 
increase  as  more  Ga  is  substituted.  The  resistivity  increases 
as  the  temperature  is  lowered,  while  the  thermopower 
exhibits  a  complicated  temperature  dependence.  Annealing 
the  material  in  O2  decreases  the  resistivity,  but  does  not 
change  the  room  temperature  value  of  the  thermopower. 
Although  the  resistivity  may  follow  a  3D  variable  range 
hopping  expression  as  a  function  of  temperature,  the 
thermopower  does  not.  The  thermopower  may  show 
indications  of  magnetic  transitions.  The  power  factor 
(=S2/p)  at  room  temperature  is  greatest  for  x  =  0.0  with  a 
value  of  10“*  pW/(K2-cm ),  it  decreases  over  several  orders 
of  magnitude  as  Ga  is  substituted.  It  also  decreases  as  the 
temperature  is  lowered.  We  conclude  that  the  system 
PrBa2Cu3_xGaxC>7_5  is  probably  not  going  to  be  useful  as  a 
thermoelectric  material,  even  with  other  substitutions  such 
as  Y  for  Pr. 

Introduction 

In  measuring  the  thermoelectric  power  of  PrBa2Cu307_§  we 
found  that  there  is  a  large  positive  thermopower  on  the  order 
of  100  |TV  at  room  temperature.  This  material  belongs  to 
the  family  of  copper  oxides  that  include  the  high  temperature 
superconductors.  It  is  known  that  it  is  possible  to  modify 
the  behavior  of  these  materials  by  substitution  of  various 
elements  [1].  The  crystal  structure  of  these  materials  is 
complicated;  thus,  a  variety  of  substitutions  and  behaviors 
are  possible.  Measuring  a  sample  with  40%  Ga  in  place  of 
the  Cu  increased  the  room  temperature  thermopower  by  a 
factor  of  three.  This  led  us  to  initiate  a  systematic  study  of 
PrBa2Cu3„xGax07_5.  This  system  has  been  studied  by 
several  groups  [2,3].  These  groups  measured  the  temperature 
dependence  of  the  resistivity  of  ceramic  samples.  However, 
they  did  not  perform  a  complete  study  of  the  thermoelectric 
power.  The  resistivity  decreases  with  increased  Ga 
concentration.  We  wish  to  study  what  happens  to  the 
thermopower  with  Ga  substitution. 


It  is  known  that  the  quantity  of  interest  for  thermoelectric 
materials  is  the  figure  of  merit  [4]: 

ZT  =  ^o_T  (1) 

where  S  is  the  thermopower,  o  the  electrical  conductivity, 
and  X  the  thermal  conductivity.  A  material  which  is  a  good 
candidate  for  thermoelectric  applications  will  have  a  ZT  >  1 . 
Thus  a  good  candidate  material  will  have  a  large 
thermopower,  large  electrical  conductivity,  and  small  thermal 
conductivity.  It  is  known  [5]  that  as  the  carrier  concentration 
increases,  the  thermal  and  electrical  conductivities  increase 
and  the  thermopower  decreases.  There  is  on  optimum  carrier 
concentration  on  the  order  of  1018  to  1019  /cm3  for 
thermoelectric  materials.  The  power  factor: 

PF  =  SV  (2) 

has  a  maximum  at  the  optimum  carrier  concentration  for 
good  thermoelectric  materials.  Thus,  by  studying  the 
electrical  conductivity  (or  equivalently  the  resistivity)  and  the 
thermopower  of  a  material,  one  obtains  a  very  good 
indication  of  the  usefulness  that  material  might  have  as  a 
thermoelectric. 

Experimental  Procedure 

The  materials  we  studied  were  made  by  the  conventional 
solid  state  reaction  method  of  heating  oxides  of  the  required 
elements  in  a  furnace.  This  was  followed  by  repeated 
grinding  and  sintering  of  the  resulting  powder.  The  powder 
was  then  pressed  into  disks  about  2  mm  in  thickness  by 
12  mm  in  diameter.  These  disks  were  cut  into  rectangular 
prisms  of  10  mm  x  2  mm  x  1  mm  with  a  high  speed 
diamond  saw  for  our  measurements.  In  order  to  study  the 
effect  of  the  O  concentration  we  annealed  some  of  the 
samples  at  700°C  for  one  week  in  flowing  O2. 

Standard  four-probe  resistance  measurements  were  performed 
on  all  our  samples.  The  voltage  leads  consisted  of  3  mil  Au 
wire  attached  to  the  sample  with  pressed  In  contacts, 
typically  under  1  mm  in  width.  The  currents  leads  were  5 
mil  Cu  wire  attached  with  Ag  paint.  Thermocouples,  0.005J' 
Au-Fe  (0.07  at%)  vs.  Cr,  were  attached  to  the  samples  with 
GE  7031  varnish  to  enable  measurement  of  the  temperature 
gradient  across  the  sample.  The  sample  voltage  (Vs)  as  well 
as  the  thermocouple  voltage  (Vtc)  were  measured  with  a 
Keithley  182  nanovoltmeter.  The  Au-Fe  vs.  Cr 
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thermocouples  provide  adequate  sensitivity  even  to  the 
lowest  temperatures  (T~4K).  The  temperature  of  the  sample 
was  determined  using  a  Lake  Shore  calibrated  Cernox  sensor. 
Temperature  control  was  provided  by  a  Pt  resistance 
thermometer.  The  resistance  of  the  sample  was  taken  by 
reversing  the  current  at  each  temperature  and  measuring  the 
sample  voltage  and  then  taking  an  average.  Typical  sample 
currents  were  0.1  -  100  p.A.  We  attempted  to  keep  the 
sample  voltage  under  10  mV  to  avoid  self  heating  during  the 
resistivity  measurements,  although  this  was  not  always 
possible. 

The  thermopower  was  measured  in  two  ways.  First  a 
standard  V$  vs.  AT  curve  was  taken  at  several  temperatures 
with  the  gradient  on  the  sample  being  swept  from  -AT  to 
+AT  with  AT  ~  2-5%  of  T.  The  slope  was  calculated  and 
the  Au  lead  contribution  subtracted,  thus  giving  the  absolute 
thermopower  of  the  material.  We  used  this  method  to  check 
our  more  typical  method.  In  this  method  a  AT  of  2-5%  T 
was  established  across  the  sample.  Then  under  computer 
control  the  sample  current  was  cycled  in  the  following 
sequence;  (1.)  +1,  (2)  I  =  0,  (3)  -I,  (4)  I  =  0,  (5)  +1,  with 
sample  current  and  voltage,  absolute  temperature  and 
thermocouple  voltage  being  read  and  recorded  at  each  step. 
The  sample  resistance  was  calculated  from  averaging  steps  1, 
3,  and  5  and  the  thermopower  was  calculated  from  an  average 
of  steps  2  and  4.  Again  the  Au  lead  contribution  was 
subtracted  for  the  thermopower  measurements.  These 
quantities  were  monitored  as  the  sample  was  slowly  cooled 
from  room  temperature,  typically  at  a  rate  of  0.4  K/min. 
Excellent  agreement  was  found  between  the  two  methods. 
This  standard  procedure  was  modified  for  the  most  resistive 
samples.  For  these  materials  we  found  it  necessary  to  obtain 
the  thermopower  data  in  a  separate  run.  In  this  case  the 
current  source  was  disconnected,  a  AT  of  2-5%  T  was 
established,  and  the  temperature  of  the  sample  slowly  swept 
at  0.4  K/min.  The  AT  was  changed  during  the  temperature 
sweep  in  order  to  maintain  a  value  of  2-5%  T.  We  were  not 
able  to  obtain  thermopower  data  when  the  sample  resistance 
reached  10  M £2  due  to  rf  pickup  in  the  system  resulting  in  a 
dc  offset. 

Results  and  Discussion 

We  have  measured  the  thermopower,  S,  and  electrical 
resistivity,  p,  as  a  function  of  temperature  for  several 
concentrations  of  Ga.  As  can  be  seen  in  Figure  1,  increasing 
the  Ga  concentration  increases  p  by  several  orders  of 
magnitude. 

For  each  concentration,  p  increases  as  the  temperature  is 
lowered.  Annealing  the  samples  in  O2  decreases  p(300),  by 
an  order  of  magnitude.  In  the  annealed  samples,  the 
resistivity  also  increases  with  decreasing  temperature  .  The 
temperature  dependence  of  p  is  best  fit  by  a  3D  variable  range 
hopping  model  [6].  This  model  predicts  that 

p(7,)=p0exp(r0/r)1/4  (3) 

In  figure  2  we  have  plotted  p  as  a  function  of  T‘^4  on  a 
semilogarithmic  graph.  Plotted  in  this  fashion  a  straight 
line  would  imply  agreement  with  equation  3.  As  can  be  seen 
in  figure  2,  this  model  is  consistent  with  the  data.  This 
expression  fits  both  the  unannealed  and  the  annealed  samples. 


A  semiconducting  behavior,  p  ~  exp(A/2keT),  is  not  seen  in 
these  materials. 


O  50  100  150  200  250  300  350 
Temperature  (K) 


Fig.  1  The  resistivity  of  PrBa2Cu3_xGaxC>7_5  as  a  function 
of  temperature.  These  samples  have  not  been  annealed  in 

o2. 


Fig.  2  The  resistivity  of  PrBa2Cu3_xGax07_5  plotted  as  a 
function  of  T-^.  These  samples  were  annealed  in  02. 

The  thermopower  of  these  materials  is  more  complicated  as 
can  be  seen  in  figures  3  and  4.  Over  the  temperature  range 
that  we  studied,  the  thermopower  is  positive,  implying  hole 
carriers  for  all  concentrations  of  Ga. 

In  the  3D  variable  range  hopping  model  the  thermopower 
(equation  4)  is  similar  to  that  for  the  diffusion  thermoelectric 
power  as  derived  from  standard  Boltzmann  theory  [6].  From 
looking  at  the  temperature  dependence  it  is  not  possible  to 
determine  the  difference  between  the  two  models.  Both  vary 
as  1/T. 

1  (V-E) 

S(T)  =  yl,  *-=-!-  (4) 

\e\  1 

In  the  variable  range  hopping  model  the  quantity  in  the 
brackets  represents  the  energy  of  the  sites  participating  in  the 
conduction.  In  the  expression  valid  for  diffusion 
thermopower  the  quantity  is  the  difference  between  the 
chemical  potential  and  the  valence  band. 
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Fig.  3  The  thermopower  of  PrBa2Cu3_xGax07_5  plotted  as 
a  function  of  1/T.  These  samples  were  annealed  in  O2. 


O  50  100  150  200  250  300  350 
Temperature  (K) 

Fig.  5  The  power  factor  for  unannealed  PrBa2Cu3_xGax07_5 


Fig.  4  The  thermopower  of  PrBa2Cu3_xGaxC>7_5  plotted  as  a 
function  of  1/T.  These  samples  were  not  annealed. 

Looking  at  figures  3  and  4  it  is  readily  seen  that  the  data  does 
not  follow  a  1/T  dependence  over  any  appreciable  temperature 
range.  It  is  possible  that  some  of  the  features  in  the 
thermopower  of  these  materials  are  due  to  magnetic 
transitions.  Pr  is  known  to  order  antiferromagnetically  in 
this  material  [7]. 

In  figure  5  we  have  plotted  the  power  factor,  equation  2,  as  a 
function  of  temperature  for  the  unannealed  samples.  Figure 
6  shows  the  power  factor  for  the  samples  which  were 
annealed  in  O2. 

Comparing  figures  5  and  6  one  can  see  that  substituting  Ga 
for  Cu  decreases  the  power  factor  quite  dramatically. 
Annealing  the  substituted  samples  increases  the  power  factor. 
Thus  the  Ga  substitution  and  the  annealing  of  these  materials 
did  effect  the  carrier  concentration.  However  the  power  factor 
is  several  orders  of  magnitude  less  than  that  for  the  ’'state  of 
the  art"  thermoelectric,  Bi2Te3  (PF  =  40  |TW/K2-cm).  We 
therefore  conclude  that  PrBa2Cu3_xGax07_§  will  not  be  a 
useful  system  for  thermoelectric  applications. 


Temperature  (K) 

Fig.  6  The  power  factor  for  annealed  PrBa2Cu3_xGax07_§ 
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ABSTRACT 

Various  properties  which  influence  zT  can  be  improved  by 
using  modem  technology  for  creation  special  submicron  struc¬ 
tures  inside  homogeneous  thermoelectrics. 

Barriers  for  electrons  with  €  <  /x  can  be  used  to  increase 
thermopower.  Modulation  doping  can  be  used  to  increase 
mobility.  Due  to  diffusion  these  structures  can  be  used  only  in 
materials  for  TE  refrigeration  especially  Be,_x  Sbx  alloys. 

At  high  T  the  best  thermoelectrics  with  zT  >  100  is  electron 
gas  in  vacuum  due  to  full  absence  of  lattice  thermal  conductivity. 
Even  after  taking  into  account  the  losses  due  to  radiation  and 
electrical  lead  to  emitter  the  thermionic  converter  can  have 
zT>20. 

In  1992  V.  Nemchinsky  and  I  presented  to  XI  Int.  Conf.  on 
Thermoelectrics  (Arlington,  Texas)  a  paper  [1]  based  on  our 
calculations  published  in  70-ths  in  the  Russian  Confidential 
Journal  on  Energy  Conversion.  We  discussed  possibility  to 
increase  the  figure  of  merit  (zT)  by  introducing  into  a  TE 
material  special  barriers  for  low  energy  electrons  to  increase 
Fielder  coefficient  (II  =  aT)  that  is  entropy  current  accompany¬ 
ing  the  charge  current.  But,  neiher  V  Nemchinsky  nor  I  could 
attend  ICT92. 

This  year  I  am  in  position  to  come  back  to  discussion  of  the 
problem:  How  to  increase  zT  by  using  new  microelectronics 
technology  for  goal-directed  improvements  of  homogeneous  TE 
materials? 


By  using  Wiedeman-Franz  law 

(2) 


we  can  rewrite  (1)  as 

zT= - 2 -  (3) 

L0  ( 1  +  —  ) 

Xe 


Usually  L0  is  constant  equal  to  —2.  Therefore,  instead  of  four 
material  parameters  in  (1),  we  have  in  (3)  only  two:  a/(k/q)  and 
Xi Jx* 

Then  we  have  [3] 

(4) 

q  kT 


where  <e  >}  is  the  mean  electron  energy  in  the  current  and  /x  is 
chemical  potential  of  electrons.  Thermalconductivity  [3]. 

x=-|  CvL  (5) 


l.Main  Formula 

Lets  begin  with  undimensional  figure  of  merit  [2] 


zT= 


oc26  T 
XL+Xe 


(i) 


Formula  (5)  can  be  applied  to  both  phonons  and  electrons 

Ce=j  kne  (6) 

CL=3kNa  (7) 


0-7803-3221-0/96  $4.00  ©1996  IEEE 
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From  (4)  4-  (7)  we  obtain,  that 


zT = 


<€>;TP 
kT 

1 1  +o  Vph  Lph 

'°{  2’v7’T:-ir) 


(8) 


where  and  Vc  are  mean  velocities  of  phonons  and  electrons, 
Lph  and  Lc  are  their  mean  free  paths,  and  Na  and  ne  are  concen¬ 
trations  of  atoms  and  electrons.  We  have 

,i=- kTln ^  (9) 

n~ 


Usually  we  have  V^/V.  -  2»1072*107  -  10  2,  Na/N„  - 
3»1022/1019  —  3  •  103.  Approximately  Lc  (A)  ~  U  (cm2/vsec) 
and  (A)  —  2  •  103  Xl  (W/cmK),  therefore 


P  ~105- 


cmK1 


U{ 


cm _  j 
vsec 


(12) 


For  obtaining  Pc  <1  we  need  materials  with  Xl  —  10 2  W/cmk 
and  in  the  same  time  U  >  1000  cm2/vsec  and  oc  >  200  gv/k. 
Such  materials  are  rather  rare. 

2.  Classical  Ways  to  Increase  zT 


where  Nrt  =  4.82*  1015  T3/2  (m*d/m0)3/2  is  density  of  electron 
states  at  the  edge  of  the  band  (Fig.  1). 


Classical  ways  are  as  follow  (A.F.  Ioffe)  [4]: 

-  To  obtain  by  doping  the  optimal  concentration. 

-  To  use  as  dopant  atoms  with  small  electron  scattering  cross 
sections. 

-  To  find  appropriate  solid  solutions  to  decrease  and  in  the 
same  time  not  deteriorate  Le  or  to  find  special  defects  for 
strong  phonon  scattering  for  example  vacancy  and/or  noncen¬ 
tral  ions  (off-ions)  as  Ge  in  GeTe  where  xL  is  very  small. 

-  But  what  next? 

To  search  for  new  TE  materials  or  to  search  for  new  ways  to 
improve  existing  ones?  It  seems  that  in  (11)  there  are  no 
parameters  except  L^/L*  for  zT  improvement.  But,  they  do 
appear  if  we  include  into  consideration  inhomogeneous  materials. 

We  can  use  inhomogeneities  and  potential  barriers  [1]  to 
change  electron  spectrum  (quantum  mechanics  problems)  or  to 
change  <  e  >j  (classical  mechanics).  Below  I  am  going  to  discuss 
some  ideas  based  on  classical  transport  theory. 

3.  Modulation  Doping  [51 


Figure  1  Bands  in  a  semiconductor 

By  doping  we  can  change  i\.  in  (8)  and  (9)  and  find  optimal  i\. 
Usually  at  (ne)  opt  g  is  a  little  below  the  band  edge  and  i^.  ~  Nsr 
We  have  also  Lc  «  2  and  <e>j/kT  —2,  therefore 

(zr)«»-TTi r  <10> 


where 

p  Xl,  _0  vph .  Lpji .  Na  m) 

o~Xe(^=o)~  Ve  Le  Nst 


Charged  dopants  atoms  scatter  electrons  and  decrease  Lc. 
Many  TE  have  very  large  dielectric  constant  but  nevertheless  at 
low  T  impurity  scattering  becomes  dominant.  For  example,  at 
low  T  mobility  in  PbTe  with  low  electron  concentrations  exceeds 
106  cm2/vsec  (Le  ~  10 2  4  10'3  cm).  But  at  higher  concentrations 
mobility  is  much  lower.  Mobility  is  very  important  parameter  in 
solid  state  electronics  too.  It  determines  for  example  the  time  of 
gates  switching. 

In  the  case  of  modulation  doping  the  dopant  atoms  are  located 
inside  special  layers  in  the  heterostructure.  For  example  -GaAs- 
Ga,.x  Alx  As-GaAs-Ga,.xAlxAs-  (Figure  2).  Scattering  is  smaller 
due  to  decreasing  electrons  wave- functions  inside  layers  with 
larger  gap  Ec.  Mobility  U  >  2  106  cm2/sec  were  obtained  in 
GaAs  with  modulation  doping  [5].  The  distances  between  layers 
with  dopant  atoms  has  to  be  of  the  order  of  Debye  length,  i.e. 
—  10  6  cm  at  nc  ~  1018  cm'3.  It  is  necessary  to  have  very  good 
mirror  reflection  of  electrons  from  contact  surfaces. 
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®j 


Figure  2  Modulation  Doping 


If  a  material  has  layered  structure  with  different  atoms  in 
different  layers,  the  modulation  doping  can  be  achieved  without 
any  heterostructures.  For  instance,  modulation  doping  is  widely 
used  j  in  high-Tc  cuprate  superconductors  to  preserve  good 
translation  symmetry  inside  superconducting  Cu02  layers. 

4.  TE  Materials  with  Small  Gaps  (Ef:) 

From  (4)  it  is  obvious  that  all  electrons  with  energy  below  g 
decrease  thermo  power  like  holes.  It  is  easy  to  show  that  such 
electrons  decrease  a2a  too  and  besides  increase  xe- 

To  exclude  holes  in  small  gap  TE  materials,  we  can  create 
periodic  structure  -n'-n+-n-n+-  (Figure  3).  The  distances  Lg 
between  barriers  for  the  minority  charge  carriers  have  to  be 
smaller  than  diffusion  length:  LB  <  <  LD  =  VDC  tp  (De  is 
diffusion  coefficient,  is  generation-recombination  time  for 
holes).  Ld  at  low  T  can  be  rather  large,  in  Bi^Sbo ,  it  is  about 
several  microns  in  Effectiveness  of  small  gap  TE  materials 
with  high  mobilities  can  be  improved  by  transversive  magnetic 
field  In  such  case  several  model  of  operation  are  possible: 
longitude  (Peltier-Seebeck),  transversive  (Nernst-Ettinsgausen) 
and  combined  one  [6]  when  VT  is  directed  parallel  to  entropy 
current  and  under  some  optimal  angle  to  electrical  current. 

5.  Barriers  for  Main  Charge  Carriers 

Suppose  we  have  degenerated  electron  gas  in  a  semiconductor. 
All  electrons  with  e<fx  are  harmful  for  a2a  they  are  alike  holes 
on  Figure  3.  To  exclude  such  electrons  from  the  charge  and 
entropy  currents  we  can  use  barriers  as  on  Figure  4. 


Figure  3  Barriers  for  Minority  Charge  Carriers 


Inside  the  barriers  only  electrons  with  energy  above  the  barrier 
can  take  part  in  the  current.  But,  if  scattering  is  elastic  or  almost 
elastic  (defects  and  acoustical  phonons)  the  flow  of  energy  cannot 
change  after  one  or  even  several  scatterings  which  change 
electron  impulse. 


Figure  4  Barriers  in  the  degenerated  electron  gas  to 
increase  cTo 
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The  distance  from  barrier,  where  distribution  of  charge  carriers 
became  normal  is  Lt  ~  ^/Dr,,  where  tc  is  relaxation  time  of 
entropy  current.  If  re  >  >  rp  we  have  L€  >  >  Lc.  And  if 
distances  between  barriers  are  smaller  than  the  Lt  Peltier  coeffi¬ 
cient  between  barriers  is  the  same  as  inside  the  barriers. 
Therefore,  we  can  have  a  as  for  non  degenerated  electron  gas  but 
the  number  of  effective  change  carriers  is  higher  than  in  the  case 
when  /x  is  near  the  bottom  of  the  band  due  larger  effective  density 
of  states  Nrt  (e  ~  EB).  Therefore  such  barrier  structure  can 
increase  o?o  in  (1)  or  decrease  xdx e  in  (3)  with  simultaneous 
decrease  of  L0. 

Very  important  that  electron-electron  collisions  cannot  change 
significantly  a  or  a  in  the  barrier  structures,  because  in  such 
collisions  electrical  current  and  entropy  current  do  not  change  if 
Umklapp  processes  are  absent. 

It  is  easy  to  see  [1]  that  all  electrons  with  (e-fx)  <  1/2  (<e  >- 
are  harmful,  ie.  they  lower  a2o.  Therefore,  if  we  could 
increase  scattering  of  these  electrons  and  in  the  same  time  none 
or  littel  disturb  flow  of  electrons  with  higher  energy  we  could 
obtain  higher  zT.  It  can  be  done  by  small  barriers,  resonance 
scattering  [9]  or  interband  scattering  [10]. 


-j 

j*“ 


Figure  5  Electron  gas  in  vacuum  between  two  metallic 
electrodes 


6.  Vacuum  as  TE  Material 

Electron  gas  in  vacuum  between  two  hot  emitting  electrodes 
(Figure  5)  has  a,  a  and  xc  as  electrons  in  solids  but  Xl  =  0.  In 
such  case  jx  —  <f>  (work  function)  and  as  it  is  easy  to  show  that  L0 
=  2  and  <e>j/kT  =  2.  Therefore: 


Conclusion 

Because  of  diffusion  proposed  barrier  structures  can  be  used 
indeed  only  at  low  T,  i.e.  for  improvement  of  TE  materials  for 
refrigeration. 


(ZT) 


2 


(13) 


Figure  of  merit  in  (13)  can  be  much  higher  than  for  solid  TE 
materials.  If  for  example  T  =  1000K  and  <j>  =  1.4  eV  (emission 
current  10  A/cm2),  zT  =  160. 


There  are  in  thermionic  converter  (TIC)  some  inevitable  losses  of 
effectiveness  due  to  the  radiation  heat  transfer  and  the  metallic 
lead  to  the  emitter.  Therefore,  instead  of  (13)  we  have  [7] : 


( zT )  TTC 


( 


(<fy/kT+2 )  2 


(14) 


In  all  cases  there  is  very  important  not  deteriorate  mobilities  of 
TE  material  between  barriers.  It  seems  that  monocrystals 
Bij_xSbx  are  the  best  candidate  for  application  of  these  methods 
due  to  their  high  mobility  and  low  lattice  thermal  conductivity 
[1,8]. 

It  is  worth  to  mention  [1]  that  even  at  fx  —  0  and  n-  n^  all 
electrons  with  {e-jx)  <  1/2  (<e>j  -p)  decrease  a?o  and  increase 
Xc,  i.e.  they  are  harmful. 

This  paper  was  inspired  by  many  enlightening  discussions  with 
my  late  teachers  A.  Ioffe,  A.  Regel,  L.  StiFbaus  and  my 
colleagues  V.  Nemchinsky,  I.  Drabkin,  Yu.  Ravich  and  O. 
Gryazhov. 
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Abstract 

The  problem  of  existence  of  an  upper  limit  of  thermoelec¬ 
tric  figure  of  merit  Z  is  of  principal  importance  for  thermo¬ 
electric  energy  conversion.  It  was  discussed  actively  during 
the  period  of  development  of  basic  aspects  of  semiconduc¬ 
tor  thermoelectricity  but  was  not  solved.  After  long  time 
of  silence  it  attracts  attention  again.  C.B.Vining  at  ICT’92 
considered  well  known  fact  that  dimensionless  parameter 
ZT  <  1  for  all  real  thermoelectrics.  He  concluded  that  one 
doesn’t  know  any  physical  reasons  to  consider  this  value 
as  a  specific  one.  Our  paper  indicates  those  rather  general 
assumptions  at  which  ZT  &  1  for  semiconductor  at  a  qual¬ 
itative  evaluation.  It  is  shown  too  that  the  dependence  of 
ZT  increase  on  decrease  of  lattice  thermal  conductivity  is 
weaker  for  semiconductor  with  ZT  >  1  than  for  one  with 
ZT  <  1. 

Introduction 


abstract  of  this  paper:  “Is  ZT  ^  1  a  fundamental  limit  or 
merely  characteristic  of  the  materials  examined  to  date?”. 

We  would  remind  that  any  physical  upper  limit  for  pa¬ 
rameter  Z  or  ZT  is  not  found  till  now;  different  models 
of  thermoelectrics  are  described  which  result  in  ZT  1; 
ZT  «  1  is  the  maximum  value  for  all  real  thermoelectrics 
till  now. 

We  shall  deal  with  the  simplest  model  of  semiconductor 
used  by  Ioffe:  energy  spectrum  of  one  parabolic  band,  cur¬ 
rent  carriers  in  nondegenerate  state  (classical  statistics), 
carrier  scattering  by  acoustic  phonons  only. 

Discussion 

An  analysis  of  the  maximum  thermoelectric  figure  of  merit 
for  the  model  thermoelectric  (described  above)  leads  to 
the  conclusion  the  optimal  chemical  potential  (jl  is  situated 
near  the  edge  of  the  conductor  band  (for  n-type  material), 
while  the  maximum  figure  of  merit  is  proportional  [1] 


The  problem  of  efficiency  is  principal  one  for  any  energy 
conversion  process,  if  a  possibility  of  its  practical  appli¬ 
cation  is  considered.  Good  perspectives  of  semiconduc¬ 
tors  for  use  as  effective  thermoelectrics  were  predicted  by 
A. F. Ioffe.  Later,  in  course  of  development  of  his  theory 
of  energy  applications  of  semiconductors,  he. introduced  in 
general  use  values  of  figure  of  merit  of  a  thermoelectric 
Z  and  dimensionless  figure  of  merit  ZT  (T  -  tempera¬ 
ture).  Ioffe  found  the  expression  for  maximum  Z  in  the 
simplest  model  of  semiconductor  [1].  During  next  sev¬ 
eral  years  Zmax  were  calculated  by  other  authors  for  more 
sophisticated  but  more  particular  models.  Then  these  ef¬ 
forts  weakened  together  with  general  diminishing  of  inter¬ 
est  to  thermoelectric  research.  But  after  1980,  in  paral¬ 
lel  to  an  increase  of  activity  in  thermoelectric  field,  some 
new  approaches  to  the  problem  of  Zmax  were  made  [2]-[5] . 
The  problem  was  reviewed  in  monographs  and  handbooks 
too  [6] -[8].  But  the  most  significant  expression  of  the  in¬ 
terest  to  understand  a  possible  bounds  of  Z  (and  often 
more  convenient  parameter  ZT)  were  the  publication  of 
two  analytical  reviews  by  Vining:  “The  Thermoelectric 
Limit  ZT  ~  1:  Fact  or  Artifact”  [9]  and  “Thermoelectric 
Materials  of  the  Future”  [10].  If  one  is  interested  to  be  ac¬ 
quainted  with  the  problem  in  details,  he  could  begin  from 
these  two  papers  which  contain  the  full  list  of  references 
too.  As  for  us,  we  would  like  to  make  a  few  remarks  to  the 
problem  formulated  above  in  the  title  of  the  first  Vining’s 
paper.  It  is  helpful  to  add  one  more  question  from  the 


_  m*3/2uT3/2  ,1N 

Zmax  (1) 

Here  m*  is  the  density-of-states  effective  mass,  u  is  the 
mobility  of  charge  carriers,  ki  is  the  lattice  (phonon)  ther¬ 
mal  conductivity.  The  main  result  of  this  theory  is  an 
increase  of  the  maximum  figure  of  merit  in  inverse  ratio 
to  the  lattice  thermal  conductivity  when  this  parameter  is 
lowered.  It  is  important  that  this  result  is  obtained  at  as¬ 
sumption  the  lattice  component  is  the  main  part  of  the  to¬ 
tal  thermal  conductivity  and  one  can  cancel  the  electronic 
component  Ke.  It  is  not  easy  to  evaluate  quantitatively  the 
Zmax  T'  parameter  directly  from  formula  (1).  For  such  an 
evaluation  one  can  remember  the  present  practical  limit 
ZmaxT  «  1  is  realized  when  the  electronic  and  phonon 
components  of  the  thermal  conductivity  are  of  the  same 
order-of-magnitude  Ki  &  «e.  Using  notation:  a  -  electri¬ 
cal  conductivity,  S  -  thermopower,  L  =  Ke/aT  -  Lorenz 
number  -  one  can  rewrite  the  general  expression  for  ZT 


to  a  simple  form 


S2aT 

Kl  +  Kt 


(2) 


Provided  fi  =  0: 


(3) 
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2 


5  = 


2—,  Z.  =  2 
e 


(4) 


-  and  it  just  follows  from  (3)  that  ZT  ml  (k0-  Boltzmann 
constant  and  e  -  electron  charge). 

Looking  at  the  formula  (2)  again,  one  could  imagine  that 
the  figure  of  merit  can  be  enhanced  maximally  by  factor 
2  only,  if  ki  would  be  small  enough.  Really  however  the 
optimal  chemical  potential  should  be  changed  essentially 
at  very  small  lattice  thermal  conductivity.  It  have  to  move 
to  a  region  of  negative  values  <  0  and  results  in  increase 
S  at  practically  constant  Lorenz  number  L.  Therefore 
ZT  will  rise  according  to  (3).  Electrical  conductivity  a, 
electron  thermal  conductivity  «e  and  electron  density  n 
decrease  when  negative  chemical  potential  moves  down. 
All  these  quantities  exponentially  depend  on  the  reduced 
chemical  potential 


Ke  oc  (7  oc  n  oc  e  (5) 

Optimal  reduced  chemical  potential  n*pt  and  corre¬ 
sponding  maximum  figure  of  merit  can  be  found  as  a  func¬ 
tion  of  a  dimensionless  parameter 


which  is  proportional  to  the  lattice  thermal  conductivity 
and  does  not  depend  on  a  chemical  potential.  When  we 
considered  the  special  case  /j.*  =  0,  K\  =  Ke,  this  param¬ 
eter  was  K  =  1.  The  ratio  ki/kc  at  arbitrary  fi  can  be 
expressed  through  I<  and  fi* 


Ke 

and  the  formula  (2)  comes  to  the  form 

92 

ZT=  - - - 

L(l  +  Ke~r) 

Substituting  (4)  in  (8)  we  obtain: 

ZT  =  -T—]T)l 
2(1  +  A'e-M*) 

The  condition  of  maximum  of  ZT 


(7) 

(8) 

(9) 


cl(ZT) 

dfx* 


=  0 


(10) 


gives  an  analytical  expression  for  the  optimal  chemical  po¬ 
tential  in  the  form  of  an  inverse  function  A"(/i*pt) 


I<  = 


(11) 


and  the  corresponding  formula  for  maximum  figure  of 
merit  is 


rT  = 


-Vopt 


Vlpt 

2 


(12) 


The  problem  looks  perfectly  like  the  problem  of  the 
optimal  work  function  and  the  maximum  parameter  ZT 
in  the  superlattice  of  thermionic  converters  of  submicron 
size  [11].  The  value  |/i|  in  usual  semiconducting  thermo¬ 
electrics  corresponds  to  work  function  cp  in  the  mentioned 
composite. 

The  values  fiopt  and  ZT  as  functions  of  the  parameter  K 
together  with  corresponding  thermopower  S  are  presented 
in  the  table  1. 


Table  1:  The  dependence  of  dimensionless  figure  of  merit 
ZT ,  optimal  reduced  chemical  potential  tTopt  and  ther¬ 
mopower  S  on  parameter  K. 


K 

k ;P* 

ZT 

S,  nV/K 

i 

0 

1.0 

200 

0.74 

-I 

1.5 

260 

0.135 

-2 

4.0 

345 

0.033 

-3 

7.5 

430 

0.009 

-4 

12 

520 

The  table  shows  clearly  that  ZT  increase 

as  a  value  1/A  oc  1  /  Ki  when  ZT  is  more  1.  For  example, 
if  one  could  diminish  oc  I<  by  a  factor  0. 135“ 1  =7.3 j 
ZT  would  increase  by  a  factor  4  only  (in  comparison  with 
situation  A  —  1,  ZT  —  1).  The  electron  density  should 
also  be  nearly  one  order  of  magnitude  less  than  at  p  =  0. 

Conclusion 

First  of  all  we  would  like  to  attract  attention  to  the  simple 
evaluation  of  ZmaxT  for  that  values  of  thermal  conductiv¬ 
ity  components  which  are  typical  for  the  best  real  thermo¬ 
electrics.  This  evaluation  gives  ZmaxT  «  1  in  agreement 
with  experiment.  Of  course  this  procedure  is  semiquan- 
titative  one  only.  Therefore  ZmaxT  may  be  equal  to  2 
perhaps,  but  hardly  to  10. 

If  one  could  change  a  relation  between  thermal  conduc¬ 
tivity  components  in  a  favorable  direction,  he  couldn’t  use 
the  former  criterion  ZmaxT  oc  l/#c/:  he  should  use  method 
described  above.  But  it  means  more  hard  demands  to  a 
lowering  of  /c/. 

Thus  for  semiconductors  of  classical  type  (Conventional 
thermoelectrics”  according  to  Vining  terminology  [10]) 
ZT  —  1  is  that  limit,  above  which  it  is  possible  to  in¬ 
crease  this  parameter  but  it  needs  stronger  decrease  of 
than  earlier.  But  the  level  of  K\  is  low  enough  already. 
This  is  why  the  problem  is  so  difficult. 

It  is  not  unlikely  that  mechanism  described  explains 
physical  sense  of  ZT  =  1  limit  for  conventional  semicon¬ 
ductor  thermoelectrics.  This  conclusion  cannot  be  used 
automatically  for  other  types  of  thermoelectrics  of  course, 
including  more  complicated  semiconductors.  But  the  best 
known  thermoelectric  materials  seems  rather  similar  to 
conventional  semiconductors. 
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Texture  influence  on  the  forming  of  thermoelectric 
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Abstract 

The  dependence  of  thermoelectric  properties  on  the  texture 
layer  thickness  was  investigated.  The  electric  and  thermal 
conductivities  decrease  is  caused  by  decrease  of  texture  layer 
thickness.  Seebeck  coefficient  and  figure  of  merit  remain 
constant. 

Introduction 

Pressed  powder  samples  of  Bi2Te3  retain  some  anizotropic 
properties  of  monocrystallic  bismuth  telluride  /1-4/.  The 
reason  of  this  phenomenon  is  a  creation  of  mainly  oriented 
crystallite  layers  near  the  boundary  surface  or  texture.  The 
texture  of  pressed  powder  structures  influence  thermoelectric 
properties  of  such  materials,  in  particular  it  causes  anisotropy 
of  these  properties.  Pressed  powder  Bi2Te3  kinetic  properties 
were  studied  in  /3-5/.  The  dependence  upon  item  size,  item 
orientation  and  annealing  temperature  has  been  found. 

Analytical  description  of  such  materials  properties  is  limited, 
as  a  rule,  by  effective  medium  approximation  161.  However, 
this  approach  does  not  allow  us  to  find  correlation  between 
macroscopic  properties  and  material  microstructure.  In  this 
work  dependence  of  thermoelectric  properties  on  the  texture 
layer  thickness,  item  size  and  direction  of  mainly  oriented 
crystallites  was  investigated.  We  used  the  calculation  scheme 
which  was  proposed  in  /7-8/. 

The  computer  model  and  thermoelectric  properties  of 
pressed  semiconductors. 

Computer  model  for  texture  layer  thickness  calculation  was 
developed.  This  model  allows  us  to  form  powder  structure 
from  crystal  grains  which  is  characterized  by  cleavage  planes. 
The  algorithm  may  be  described  as  follows: 

-  2-dimensional  powder  structure  is  considered; 

-uniform  rectangles  are  structure  items  of  powder; 

-structure  is  forming  by  rectangles  falling  down  on  the 
horizontal  plane; 

-structural  items  are  falling  from  random  position  with  random 
orientation  on  the  plane  or  items  which  have  been  fallen 
earlier. 

Array  of  pseudorandom  numbers  was  obtained  by  Lemer's 
method  /9L 

Y*=2  ~40mk,  (1) 

where  m^  array  of  intact  numbers 

mk+\  =5I7wA.(mod240)  (2) 

Formula  (2)  means,  that  number  m^+j  is  equal  to  the 
remainder  of  division  517mj,  on  240.  Pseudorandom  numbers 


determine  rectangles  center  coordinates  (Xo,yo).  Vertice 
coordinates  were  obtained  by  formulae 

xx  =  x0  -  b  cos(cp)  -  a  sin(cp); 

Pi  =yo-b  sin((p)  +  a  cos((p); 
x2  =xo  -£cos(cp)  +  flsin(cp); 
yi=y<)-b  sin(cp)  -  a  cos(cp); 

(3) 

x3  ~  xo  +  b cos(cp)  +  a  sin((p);  ’ 

y?,  =  To  +  b sin(cp)  -  a  cos(cp); 
x4  =x0  +  b  cos(cp)  -  a  sin(cp); 
y4  =  To  +  Z>sin(<p)  +  a  cos(cp); 

As  a  result  model  structure  is  forming.  The  boundary  layer  has 
strong  rectangle  orientation.  This  model  allows  us  to 
determine  the  texture  layer  thickness.  Results  of  modeling  are 
illustrated  in  Fig.  1 . 


Texture  layer  thickness  is  determined  by  item  size  and  relation 
between  rectangle  length  (2b)  and  width  (2a).  This  thickness 
dependence  upon  relation  b/a  is  shown  in  Fig.2. 


L/L0 


Fig-2  Relative  texture  layer  thickness  upon  model  rectangle 
relation  b/a  (L0  -  model  region  size). 
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Minimal  crystallite  width  is  limited  by  the  distance  between 
cleavage  planes.  Crystallite  size  decrease  causes  the  decrease 
of  texture  layer  thickness  and  percent  of  oriented  grains 
(Fig-3) 

number  of  crystallites, % 


Fig.3  Relative  number  of  crystallites  which  are  oriented  to  the 
sample  plane  in  the  range  +/-50  upon  crystallite  size  (do  is 
minimal  width). 

Real  pressed  samples  of  B^Tej  are  3-layered  structures  151. 
Layers  are  altering  in  the  pressing  direction.  The  middle  part 
consists  of  randomly  oriented  grains.  Boundary  parts  are 
texture  layers  with  mainly  oriented  crystallites.  To  obtain  such 
structure  it  is  necessary  to  complicate  modeling  algorithm: 
rectangles  may  move  to  up  and  down  boundary  planes 
directions  with  equal  probabilities.  Then  pressed  powder 


Fig,4  Pressed  powder  computer  model. 


In  the  case  when  electrical  current  is  parallel  to  layers  we  can 
use  method  proposed  in  11-2,1.  The  calculation  formulae  are: 

p£=(p xx)  +  dl*d2*  ^l(pL?-P0)+Pl(a9_a9)  ’ 

pfx  =  {pyx)+dl*d2*[Fl(p{yy  -pS)+jP1(45-4?)]> 
where 


F\  -  (cl(  f\ayx^jA, 

A  =  Pyy  (“Kxx)  “  ’ 

a  =  d2*a{-[)  +d2*a{1\ 

c=pgj-p?2,  >pi=nS-n£J 

dl,d2  -partial  volumes  of  particular  layers; n  -  Peltier 
coefficient  tensor 

afy=(a.xy^  +  dl*d2*  F2(Py-Py)+P2(ay-ay)  , 

<4  =  (aw)+rfl.rf2.[«(pW  -pg)+ J>2(«g  -ag)], 

K%  .{K„)+rfi*<f2.[-K(n<5  -ng)+P2(«2  -«£>)], 


4  ={Kw)+rfi.rf2.p2(ng  -ng)+  k(, 


'W_kM 

^ yx  ^ yx 


aeL=a-$  +  dl*d2*\iF4[p§  -«2)  |, 

afx  =  ag  +d\*d2*\F4[^y  -pgj+^ag  -ag)  > 

K *  =kS  +dl*d2*  -F^nty  -rig )+  /,4(kS  -k$ )], 


K  % =Kg  +rfi*rf2*[-/,4(nS5 -ng?)+ /»4(kS2 -42>)} 

p%  =  pg  +  rfl*rf2*[f3(pW  _pg )+  P3(ay  -ag)} 
pj  =  pg  +<#l*rf2*[F3(pS -pg)  + ^ag -ag)}  ( 
F2  =  (c2(-Kxx)-f2ayx)/A, 
c2-aW-ag,/2  =  Kg-Kg 


<t/c70 


Fig,5  Relative  conductivity  dependence  as  a  function  of 
removed  layer  thickness.  (o0  is  conductivity  of  a  single 
crystallite,  1  is  removed  layer  thickness,  d  is  crystallite 
effective  size). 
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These  relationships  were  used  to  set  up  a  computer  program 
for  calculation  of  layer  structures  containing  arbitrary  number 
of  arbitrary  thickness  layers  of  differently  oriented  materials. 
Algorithm  of  3 -layer  system  calculation  consists  in 
replacement  of  2-layer  system  with  one  layer  one,  with 
effective  mean  parameters  and  total  thickness  with  added  new 
homogeneous  layer.  For  example,  results  of  relative 
conductivity  calculation  for  systems  with  different  texture 
layers  thickness  are  shown  in  Fig.5. 

Conclusion 

The  conductivity  decrease  is  caused  by  the  decrease  of  texture 
layer  thickness.  This  conclusion  is  in  a  qualitative  agreement 
with  experimental  results  151.  The  same  dependence  may  be 
obtained  for  thermal  conductivity.  On  the  other  hand,  Seebeck 
coefficient  is  constant.  That  is  why  the  figure  of  merit  remains 
constant  for  powders  where  crystallite  sizes  are  much  more 
then  electron  and  phonon  mean  free  path. 
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Abstract 

Optimum  configuration,  assembling  and  commutation  of 
the  cells  in  a  thermoelectric  device  have  been  investigated 
taking  into  account  the  temperature  dependence  of  resis¬ 
tivity,  thermal  conductivity  and  Seebeck  coefficient  of  the 
material  operating  at  the  large  temperature  drop.  A  kind 
of  the  solution  proposed  which  enables  one  to  increase  the 
effective  figure  of  merit  of  the  device  as  compared  to  the 
mean  value  of  Z  measured  at  the  same  temperature  drop 
in  a  single  wafer  thermoelectric  cell. 

Introduction 

Increasing  the  efficiency  of  thermoelectric  devices  is  the 
main  goal  in  thermoelectric  activity.  The  efficiency  could 
be  estimated  according  to  the  relation  r]  ~  ZAT\2  where 
Z  ~  a2a/X  is  the  figure  of  merit  of  the  given  material, 
a,  a  and  A  are  the  typical  values  of  Seebeck  coefficient, 
of  the  electrical  conductivity,  and  of  the  heat  conductivity, 
respectively,  AT12  =  T^—T\  is  the  temperature  drop  across 
the  thermoelectric  cell,  T\  and  T2  being  the  temperatures 
of  the  opposite  surfaces.  To  increase  the  efficiency,  one  has 
to  develop  novel  materials  of  greater  Z,  and  to  apply  the 
large  temperature  drops  AT12. 

When  operating  at  the  large  temperature  drop,  thermo¬ 
electric  materials  reveal,  however,  the  less  figure  of  merit 
<  Z  >  than  the  maximum  value  of  Z  achieved  at  the  op¬ 
timum  temperature  T0pf.  It  is  a  result  of  the  temperature 
dependence  of  a,  cr  and  A  typical  for  any  semiconductor 
material.  The  loss  of  the  efficiency  arises  from  the  fact 
that  the  part  of  the  cell  operating  at  the  optimum  temper¬ 
ature  T0pf,  appears  to  be  loaded  by  the  other  parts  being 
at  the  less  beneficial  conditions.  So,  some  additional  ther¬ 
moelectric  power  is  dissipated  in  the  cell  as  compared  to 
the  minimum  loss  achieved  at  the  temperature  T0pf. 

The  aim  of  this  work  was  to  consider  the  possibilities  to 
avoid  these  additional  losses  by  means  of  the  optimum  cell 
configuration,  assembling  and  commutation  in  the  complex 
thermoelectric  device  of  a  special  structure. 


determined  by  the  equations 


q  ~  —A (T)dT/dxy 

(1) 

j  —  —  cr(T)a(T)dT  /  dx  —  a(T)dcp/dx 

(2) 

where  q  =  Q/S,  j  =  I/S ,  Q  is  the  total  heat  flux,  I  is 
the  total  current,  S  is  the  area  of  the  thermoelectric  cell, 
(p  is  the  electrochemical  potential.  At  the  given  temper¬ 
ature  drop  AT12,  the  nonlinear  differential  equation  (1) 
determines  the  temperature  profile  T(x)  across  the  wafer 
as  well  as  the  value  of  the  total  heat  flux 

T2 

/* 

Q  =  -( S/L )  /  \{T)dT  . 

J 

(3) 

Ti 

The  Eqs.(l),  (2)  lead  to  the  relation 

dip  =  [Qa(T)/\(T)  -  I<t~1(T)]  dx/S 

(4) 

resulting  in  the  current-voltage  characteristics 

U  =  Uoc  ~  IR 

(5) 

L 

where  U  =  f  d(p  is  the  voltage  applied,  Uoc  is  the  open- 
° 

circuit  voltage,  R  is  the  resistance  of  the  cell.  With  the 
Eq.(l),  the  open-circuit  voltage  Uoc ,  the  resistance  R  and 
the  short-circuit  current  I$c  =  Uoc/R  could  be  expressed 
in  the  form  independent  of  the  spatial  variable  x : 

T2 

U0C  —  —  J  a(T)dT,  (6) 

Ti 

T2 

R  =  Qq1  J  X(T)p(T)dT,  (7) 

Ti 


Figure  of  Merit  of  a  Single  Wafer 

Let  us  consider  the  plain  thermoelectric  cell  made  of  a 
single  semiconductor  wafer  of  the  thickness  T,  with  the 
large  temperature  drop  AT12  being  applied  to  the  wafer. 
Suppose  the  values  of  a,  a  and  A  are  the  functions  of  the 
temperature  T.  In  this  case,  the  densities  of  the  heat  flux 
and  of  the  electrical  current,  q  and  j,  respectively,  are 


where  Q0  =  -Q  ,  p(T)  =  a~l(T)  .  As  a  result,  the 
maximum  thermoelectric  power  generated  by  the  cell,  Pmo, 
is  calculated  by  the  relation 
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(11) 


T2  2  T2 

Pm0  =  ^-(J  a(T)dTj  j  J  A (T)p(T)dT  .  (9) 

Tl  Ty 

The  efficiency  of  the  cell  could  be  evaluated  by  the  formula 
f]  =  Pmo/Qo  =  0.25  <  Z  >  AT12  where 

<  Z  >=  Z{TUT2)  = 

T2  2  T2 

=  [j  a(T)dTj  j  (a  T12  J  A  (T)p(T)dTj  (10) 

Ti  Ti 

is  the  effective  figure  of  merit  of  a  single  thermoelectric 
cell  operating  at  the  large  temperature  drop.  Notice  a 
special  averaging  procedure  in  the  Eq.(10)  arising  from  the 
fact  that  the  different  regions  of  the  wafer  operates  with 
different  efficiency  since  the  local  figure  of  merit  Z  depends 
on  the  local  temperature:  Z  =  Z(T)  =  a2 (T)cr(T) / \(T) . 
It  is  clear  that  the  effective  figure  of  merit  <  Z  >  is  less 
than  the  maximum  value  of  Z(T)  in  the  temperature  range 
considered. 


N&  =  N2S2  . 

The  condition  of  the  equal  power  generated  by  the  differ¬ 
ent  layers  under  the  optional  loading  means  that  Uoc  \  = 

=  U0C2  and  he  1  =  he  2  where  Uoci  and  hei  are  the 
open-circuit  voltages  and  the  short-circuit  currents  of  the 
layers  (  i  =  1,2  ).  For  the  cells  connected  in  series,  the 
open-circuit  voltages  are 

To 

uoc  1  =  ~N1  j  ot{T)dT  , 

Ti 

T2 

Uoc2  = -N2  J  a(T)dT  (12) 

To 

where  To  is  the  temperature  at  the  plane  xq  dividing  the 
wafer  in  the  two  layers.  The  resistances  of  the  layers  are, 
respectively, 


Effective  Figure  of  Merit  of  a  Complex  Structure 

In  order  to  reduce  the  loss  of  the  efficiency  mentioned 
above,  let  us  divide  the  whole  semiconductor  wafer  in  a 
few  layers  which,  in  turn,  to  be  divided  in  different  cells 
connected  in  series  within  a  layer.  The  goal  is  to  equalize 
the  power  generated  by  the  different  layers  operating  at 
the  different  temperatures  so  that  all  the  layers  were  in 
the  equal  conditions  to  avoid  the  electrical  loading  some 
of  them  by  another  ones. 

We  consider  the  case  of  the  two-layer  structure  (  Fig.l  )  . 


Tl  Tq  T2 


Xq 

Ri  =  (Ni/Sy)  J p(T)dx  , 


JU 

R2  =  (N2/S2)  J  p(T)dx  .  (13) 


Xq 


The  requirement  of  the  equal  voltages  means 


To 


To 


N\  J  a(T)dT  =  Ny  J  a(T)dT  (14) 


Ti  Ti 

while  the  condition  of  the  equal  currents  implies 

To  T2 


N  i 
Si 


-  J  A  (T)p(T)dT  =^J  A  (T)p(T)dT  .  (15) 

Ti  2  To 


The  Eqs.(ll),  (14)  and  (15)  yields  the  final  equation  in  the 
temperature  To  , 


To  2  ,i0 

J  a(T)dT )  j  j  A (T)p(T)dT 

Ti 


2  .  T0 

/ 

Ti 


Fig.l  A  scheme  of  the  complex  two-layer  structure. 

Suppose  N\  and  N2  are  the  numbers  of  the  cells  in  the 
layers  1  and  2,  respectively,  S \  and  S2  being  the  areas  of 
the  cells.  Since  the  total  device  area  is  the  same,  one  has 


T2  2  T2 

=  (  /  *(T)rfr)  j  J  A (T)P(T)dT  .  (16) 

To  To 
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The  Eq.(16)  enables  one  to  determine  the  temperature  To 
and  then,  with  the  known  temperature  profile  T(x),  to  cal¬ 
culate  the  coordinate  xo  and  the  ratio  of  the  cell  numbers 
in  the  layers. 

Notice  the  Eq.(16)  is  equivalent  to  the  condition 

Z(TUT0)  A Tio  =  Z(T0,T2)  AT02  (17) 

where  AT10  =  T0  -  T\  ,  AT02  =  T2  -  T0  .  It  is  not  a  sur¬ 
prise  since  the  requirement  of  the  equal  power  produced 
by  the  layers  was  the  starting  point  of  the  whole  consider¬ 
ation.  The  consequence  of  this  requirement  is  the  increase 
of  the  total  power  and,  therefore,  of  the  effective  figure  of 
merit,  ,  of  the  complex  thermoelectric  device: 

Zeff(T1,T2)  =  2Z{TltT0)^  >  Z(TuT2).  (18) 

The  gain  of  the  power  G  =  Pm/PmO  is  evaluated  by  the 
formula 

/To  \2  i  To 

2  (^  /  a(T)dT J  j  f  X(T)p(T)dT 

G  =  — T2 - -  (19) 

(  I  «(T)dT)  /  f  X(T)p(T)dT 
\Tl  J  /  T\ 

where  G  >  1  if  the  temperature  T0  satisfies  the  Eq.(16). 

Numerical  Results  and  Discussion 

Theoretical  analysis  described  in  the  previous  sections  has 
been  applied  to  estimate  the  effect  in  the  promising  skut- 
terudite  materials.  To  solve  the  Eq.(16),  numerical  meth¬ 
ods  have  been  employed,  and  a  special  computer  code  in 
Fortran  has  been  developed.  The  efficiency  gain  G,  the 
thickness  of  the  layers  L\  and  L2i  the  ratio  of  the  cell 
numbers  r jy  =  N\  / N2 ,  and  the  ratio  of  the  cell  areas 
rs  =  Si/5'2  —  1/rjv  have  been  calculated  on  PC. 

Material  parameters  of  IrSb3  and  I^LaGesSbg  published 
by  Terry  M.  Tritt  et.  al.  [1]  have  been  used  to  approximate 
the  functions  a(T),  p(T)  and  A (T)  in  a  wide  temperature 
range.  In  the  particular  case  of  IrSb3  ,  the  functions  a(T), 
p[T)  and  A(T)  in  the  temperature  range  T  —  100  . . .  300A" 
have  been  approximated  as  follows 


a(T)  =  a1  +  Sa(T-Tl) 

(20) 

p(T)  =  p1  +  6p(T-T1) 

(21) 

X  (T)  =  A  l(T1/T) 

(22) 

where  a\  —  35  pV/K,  6a  =  0.2  pV/K2,  pi  = 
=  3.2 10~4  ft  cm,  bp  -  0.005  10”4  ft  cm/K ,  Ai  = 
=  45  W/(m  K) ,  Ti  =  100  A,  T2  =  300A\ 

The  calculations  have  shown  that,  at  the  given  tempera¬ 
ture  drop  AT12  =  200 A" ,  the  effective  figure  of  merit  of 
the  complex  structure  based  on  the  two  layers  of  IrSb3 
makes  Zejf(Ti,T2)  =  3.8  10-5  A"”1  while  the  initial  fig¬ 
ure  of  merit  of  a  single  wafer  is  <  Z  >=  3.4  10-5  K~l  . 


To  compare,  the  local  figures  of  merit  at  the  temper¬ 
atures  T\  -  100 A"  and  T2  =  300A  are  as  follows: 
Z{Ti)  =  0.85  10"5  A'1  ,  Z{T2)  -  8.9  10”5  K~l . 

Thus,  the  total  efficiency  gain  of  the  two-layer  structure  is 
G  —  1.12,  i.e.  the  growth  of  the  figure  of  merit  is  about 
12%  of  the  initial  value  measured  in  a  single  wafer.  The 
optimum  layer  thickness  ratio  of  the  structure  is  estimated 
as  vl  —  Li/L2  —  4.8  (To  =  248 A),  the  optimum  number- 
of-the-cells  ratio  is  r jy  —  N\/N2  —  0.5,  and  the  area-of- 
the-cells  ratio  is  rs  =  Si/S2  =  2.0. 

The  similar  calculations  carried  out  for  I^LaGeaSbg  have, 
however,  revealed  the  very  small  efficiency  gain  being 
about  G  ~  1.06.  It  is  a  result  of  the  small  initial  dif¬ 
ference  in  Z(T\)  and  Z(T2)  arising  from  the  very  smooth 
temperature  dependence  of  A(T)  [1].  It  means  that  for 
the  material  like  Ir4LaGe3Sb9,  there  is  no  need  to  compli¬ 
cate  the  structure  since  the  mutual  loading  of  the  different 
parts  of  a  single  wafer  cell  is  almost  absent. 

To  accomplish  the  research,  the  case  of  the  three-layer 
structure  of  IrSb3  was  also  investigated.  The  gain  of  the 
efficiency  G  —  1.15  has  been  obtained.  The  results  have 
shown  a  tendency  for  the  efficiency  saturation  because  of 
considerable  elimination  of  the  mutual  loading  of  the  dif¬ 
ferent  layers  achieved  even  in  the  case  of  the  two-layer 
structures. 

Conclusion 

At  the  large  temperature  drop,  thermoelectric  materials 
exhibit  the  less  figure  of  merit  <  Z  >  than  the  maximum 
value  Zmax  because  of  the  temperature  dependence  of  the 
resistivity,  thermal  conductivity  and  Seebeck  coefficient. 
The  loss  of  the  efficiency  arises  from  the  fact  that  the  part 
of  the  device  operating  at  the  optimum  temperature  T0^, 
appears  to  be  loaded  by  the  other  parts  being  at  the  less 
beneficial  conditions. 

In  this  work,  the  problem  of  the  optimum  device  configu¬ 
ration,  assembling  and  commutation  has  been  considered, 
with  the  aim  to  eliminate  the  negative  effect  mentioned 
above.  A  kind  of  the  solution  proposed  which  enables  one 
to  increase  the  effective  figure  of  merit  of  the  complex  de¬ 
vice  as  compared  to  the  mean  value  <  Z  >  measured  at 
the  same  temperature  drop  in  a  single-wafer  thermoelec¬ 
tric  cell. 

The  effect  has  been  evaluated  for  IrSb3  and  other  skutteru- 
dite  materials  in  the  temperature  range  T  =  100  . .  .300A'. 
The  results  have  shown  that,  in  the  case  of  IrSb3,  the  ef¬ 
fective  value  of  Z  of  the  complex  device  could  be  increased 
by  12%  to  15%  of  the  initial  mean  value  <  Z  >  of  a  single 
wafer  depending  on  the  kind  of  a  solution  accepted  for  the 
device  arrangement. 
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Abstract 

The  thermoelectric  figure  of  merit  z  is  computed  for 
bipolar  semiconducting  materials  with  a  degenerate  gas  of 
current  carriers  and  a  nonparabolic  band  structure.  The 
factors  that  affect  the  value  of  z  are  analyzed.  It  is  established 
that  the  figure  of  merit  of  such  materials  increases 
monotonically  with  increasing  band  gap,  in  constrast  with 
semiconductors  with  a  parabolic  band.  It  is  show  that  zT< 3  is 
always  true  in  crystalline  thermoelectric  materials. 

The  efficiency  of  converting  the  thermal  energy  into 
the  electric  one  is  basically  determined  by  the  thermoelectric 
figure  of  merit(the  dimensionless  thermoelectric  figure  of 
merit)  of  the  used  thermoelectric  materials 

X 

where  a,  a,  x  -  respectively  are  the  Seebeck  coefficient, 
electric  conductivity  and  heat  conductivity,  T  is  absolute 
temperature. 

In  the  general  case  the  thermoefficiency  is  in  a 
complex  manner  dependent  on  the  semiconductor  material 
constants.  Particularly,  the  zT  value  is  influenced  by  the 
energy  bands  number,  the  dispersion  law  shape,  the  charge 
carriers  scattering  mechanism,  the  forbidden  gap  width,  and 
so  on. 

A  lot  of  works  are  dedicated  to  the  influence  of  these 
factors  on  the  figure  of  merit  (see,  for  example,  [1,  2]).  The 
results  given  there  were  obtained  in  the  parabolic  dispersion 
law  of  the  carriers  approximation,  and  this  law  is  true  for  the 
semiconductors  with  the  forbidden  band  Eg  »  ko T  with  the 
Fermi  energy  of  the  carriers  F  «  E%  [3]. 

In  the  middle-temperature  and  especially  in  the  low- 
temperature  thermoelectric  materials,  and  also  in  the 
conductions  of  the  high  charge  carriers  concentration,  when 
these  requirements  are  not  met  anymore  it  is  necessary  to 
consider  the  dispersion  law  is  not  parabolic.  For  calculating 
the  figyre  of  merit  let  us  consider  the  model  of  semiconductor 
with  the  elementaiy  structure  of  the  conductivity  band  and  the 
valency  band,  and  with  non-parabolic  dispersion  law  [3] 

rfk2 _ (  s') 

+e}  (2) 

where  me  p  are  the  effective  masses  of  the  electrons  and  holes 
near  the  botton  of  tthe  conduction  band  and  the  top  of  the 
valence  band,  k  is  the  wave  vector  of  the  carriers. 

The  effective  mass  near  the  energy  extremum  we 
consider  the  isotropic  one' 

f  2 s' 

™(e)  =  ™epl+  TT  •  (3) 

V  EJ 


Because  the  most  promising  for  thermoelectric  use 
materials  belong  to  the  class  of  strongly  doped  ones,  besides 
the 

scattering  on  acoustic  phonons  we'll  take  into  account  also  the 
scattering  on  ionized  atoms  of  the  impurity.  The  relaxation 
time  for  the  separate  scattering  mechanism  we'll  write  as 
follows 

r  c  '\7~1/Y  o  Y1 

/  \  £  s  .  ,  2e 

r(e)  =  Tor  —  !  +  —  1+—  .  W 

_  V  v  hgJj  \  hgJ 

where  r  is  scattering  factor,  which  has  the  values  of  r  =  0  and 
r  =  2  respectively  for  scattering  on  the  acoustic  phonons  and 
the  ionized  dopes,  ko  is  Boltsman  constant. 

Using  the  rule  of  the  reverse  relaxation  times 
addition  [3] 

-  =  (5) 

XX- 

I  I 

and  considering  (4)  for  the  effective  relaxation  time  when  the 
both  mechanisms  act,  we  will  get 


K 


where  A2  =  r0//r0l-,  r0/,  r0i  are  the  known  functions  of  the 
temperature  determined  by  the  carriers  scattering  on  the 
acoustic  phonons  and  the  ionezed  dopes,  respectively.  In  the 
case  of  scattering  on  the  acoustic  phonons  t0j  -*»,  and  b  =  0, 
and  in  the  case  of  ionized  dopes  r0/  ^oo,  and  b  -»oo.  We 
define  the  basic  kinetic  coefficients  by  the  formulas 


,  VP 

a  -  e  +  v  a  ( 

O  <J 

(7) 

<?  =  cre  +  ap, 

(8) 

X=  Xe+Xp  +  Xep  +  XPh’ 

(9) 

where  ae>p ,  aetP>  Xe,P  are  the  partial  components  of  Seebeck 
coefficient,  electric  conductivity  and  the  thermal  conductivity. 

ZeP=—^L[ae-ap)  T 

is  the  bipolar  thermal  conductivity,  xPh  is  the  lattice  mponent 
of  the  thermal  conductivity. 

Using  (2),  (3)  and  (6)  we  will  find  out  the  electron 
components  of  the  kinetic  coefficients 

- 
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,  3/2 


ae  =  N0e/jc\  ^ .  I  S°2(rj,fi,b) , 

\Tn0j 


Xt 


_\K 


LeaeT, 


(H) 


(12) 


where 


N0=2(2rni0k0T/h2y  , 

SIMM 


AMM  J 


is  the  dimensionless 


sl(nj,b) 

■  $Uv,p,b) 

Lorents  number, 

y.  U  8  b)  =  ?f.  ft)  . 

o'-  ^  S!  +(x  +  /3x,)'j(l  +  2/fc)‘:  ' 

3) 

are  the  triple-parameter  integrals. 

The  calculating  of  the  integrals  was  done  by 
Simpson's  method  [4]  with  replacement  of  the  infinitely  big 
upper  limit  of  integrating  by  the  finishing  (x0  =  30).  At  this 
time  the  calculation  accuracy  provided  was  not  worse  than 
<£=10'5. 

Here,  f0  =  (l  +  exp(x  -  77))  is  the  Fermi-Dirac 


distribution  function,  rj  —  — — ,  £"is  the  chemical  potential  of 

k0T 


electrons,  X  = - 

K  T 

coefficient  of  band  non-parabolicity,  m0  is  the  free  electron 
mass. 

Replacing  in  (10),  (11),  (12)  -e  e,  me  ->  mp,  tj  -> 
Vp  =  -(7  +  Eg/k0T)  we  will  get  the  hole  components  of  the 
kinetic  coefficients.  Considering  (7),  (8),  (9)  for  dimensionless 
thermoelectric  figure  of  merit  we  will  obtain 


k  T 

is  the  reduced  energy,  /?  =  — — 

E„ 


is  the 


zT  =  - 


ho-^o)2(i+ftr 


o 

4+0Z.+— — 
e  p  1+0 
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is  corrected  in  comparison  with  [5]  dimensionless  coefficient 
determining  the  quality  of  thermoelectric  energy  conversion, 

ule.cp’  H'ce.cp  are  the  drift  mobilities  of  the  electrons,  holes 

for  the  parabolic  band  case,  the  non-confluent  .statistics  and 
when  scattering  on  the  acoustic  phonons  and  the  ionized 
dopes,  respectively. 

It  follows  from  the  given  expressions  that  the 
thermoelectric  figure  of  merit  at  a  fixed  temperature  is  a 


function  of  the  following  dimensionless  parameters:  tj ,  p,  y,  B, 
and  6. 

Choosing  as  the  main  carriers  the  electrons,  let  us 
analyze  the  relation  (14)  by  the  numerical  methods.  For  this 
let's  estimate  at  first  the  maximum  posisble  B  parameter 
value.  For  hypothetical  semiconductor  which  could  combine 
the  electric  properties  of  III-V  groups  compounds  with  the 
thermal  conductivity  of  the  complex,  crystalline  structures 
lattice,  the  value  5=0.55  and  for  the  real  thermoelectric 
materials  it  is  the  limiting  one.  Let  us  note,  that  now  the 
maximum  5=0.35  is  obtained  for  the  semiconductive 
compounds  based  on  bismuth  telluride  [7], 

At  fixed  values  of  the  dimensionless  parameters  p.  y, 
5,  and  b,  the  figure  of  merit  is  a  function  of  only  the  chemical 
potential  of  the  carriers,  while  z(rj)  has  an  extremum. 
Maximizing  the  figure  of  merit  with  respect  to  the  chemical 
potential,  we  investigate  the  effect  on  it  of  the  parameters  5, 
p,  y  and  b. 

Figures  1-5  show  typical  dependences  of  the 
maximum  quality  factor  on  the  enumerated  parameters.  It  can 
be  seen  from  Fig.l  that,  when  the  electrons  are  scattered  at 
acoustic  phonons  (b= 0),  (zT)^  decreases  as  the 
nonparabolicity  coefficient  increases.  Beginning  with  values 
P>0.1  (Eg<lOk0T),  the  effect  of  minority  carriers  will  also  be 
to  decrease  the  figure  of  merit.  If  nonparabolicity  is  absent 
(P=0),  the  maximum  figure  of  merit  will  lie  in  the  interval 
(27)^=0.55-1.25  for  5= 0.20-0.55  and  acoustic  scattering. 
When  the  carriers  are  scattered  at  ionized  impurities  (b- kc) 
(Fig.2)  in  the  absence  of  nonparabolicity,  the  maximum  figure 
of  merit  amount  to  (z7)max=1.75-3  for  the  same  5  values. 

It  can  be  seen  from  Figs.3  and  4  that,  with  a 
nonparabolic  carrier  dispersion  law,  the  figure  of  merit 
monotonically  increases  with  increasing  band  gap.  The  figure 
of  merit  would  saturate  only  in  the  parabolic  model  and  would 
actually  occur  when  E^>lOkoT,  as  was  shown  in  Ref.2. 
However  saturation  does  not  occur  in  real,  low-temperaature 
thermoelectric  materials. 

Defining  the  limiting  figure  of  merit  in  the  case  of 
the  mixed  scattering  it  is  necessary  to  find  precisely  the  b 
parameter  value.  In  principle  this  parameter  for  the  specific 
material  can  be  obtained  using  calculating  or  empiric  [7,  8] 
dependences  of  the  carriers  mobility  on  the  temperature  and 
impurity  concentration. 

As  it  is  seen  from  the  fig.  5,  increase  of  the  limiting 
figure  of  merit  is  assisted  by  the  parameter  b  increase,  i.e.  the 
increase  of  the  carriers  scattering  on  the  ionized  impurities. 

To  check  the  results  obtained  numerically,  we 
analytically  calculated  the  figure  of  merit  for  a  nondegenerate 
semiconductor  with  a  nonparabolic  dispersion  law.  In  the 
limiting  case  of  the  absence  of  degeneracy,  the  numerical 
results  completely  agree  with  the  analytical  results. 

On  the  other  hand,  we  assumed  a  spherical  band 
model.  Changing  from  a  spherical  isoenergetic  surface  to  a 
more  complex  surface  (elliptical,  corrugated,  etc.)  naturally 
complicates  the  final  result.  However,  a  nonspherical  band, 
like  a  multivalley  band,  has  virtually  no  effect  on  the 
maximum  figure  of  merit.  Actually,  we  always  can  choose 
such  values  of  the  effective  mass,  mobility,  and  thermal 
conductivity  for  calculations  in  the  spherical  model  that  they 
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will  correspond  to  the  best  values  of  these  parameters  in 
materials  with  a  more  complex  band  structure.  It  is  precisely 
such  best  parameters  that  we  used  for  the  numerical 
calculations  in  the  spherical  band  model. 

We  can  thus  consider  it  to  be  established  in 
crystalline  thermoelectric  materials  that  the  largest  figure  of 
merit,  which 


corresponds  to  the  ideal  combination  of  parameters  of  the 
material,  is  (z7)max<3.  We  cannot  exclude  the  possibility  of 
substantially  larger  values  of  the  maximum  figure  of  merit  in 
more  complex  structures. 

The  authors  are  deeply  grateful  to  L.I.Anatychuk  for 
fruitful  discussions. 


FIG.l.  Maximum  figure  of  merit  ( zT )max  vs  the  band- 
nonparabolicity  coeficient  p  when  the  carriers  are  scattered 
at  acoustic  phonons.  Curves  1-3  are  constructed  for  5=0.2 
for  7=  1,  7=0.2  and  7=0,  respectively;  curves  4-6  are 
constructed  for  5=0.55  for  y=I,  y=  0.2  and  7=0,  respectively. 


FIG.2.  Maximum  figure  of  merit  (zT)^  vs  the  band- 
nonparabolicity  coeficient  p  when  the  carriers  are  scattered 
at  ionized  impurities.  Curves  1-3  are  constructed  for  5=0.2 
for  7=1,  y=0.2  and  7=0,  respectively;  curves  4-6  are 
constructed  for  5=0.55  for  7=1,  7=0.2  and  7=0,  respectively. 


FIG.3.  Maximum  figure  of  merit  (zT)^  vs  the  band- 
nonparabolicity  coeficient  p  for  7=1  and  for  scattering  of  the 
carriers  at  acoustic  phonons,  taking  into  account 
nonparabolicity  (curves  1  and  2)  and  neglecting  it  (curves  3 
and  4).  Curves  1  and  3  are  constructed  for  5=0.2,  and 
curves  2  and  4  are  for  5=0.55. 


FIG.4.  Maximum  figure  of  merit  (z7)max  vs  the  band- 
nonparabolicity  coeficient  pfor  y=\  and  for  scattering  of  the 
carriers  at  ionized  impurities,  taking  into  account 
nonparabolicity  (curves  1  and  2)  and  neglecting  it  (curves  3 
and  4).  Curves  1  and  3  are  constructed  for  5=0.2,  and 
curves  2  and  4  are  for  5=0.55. 
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FIG.5.  Dependence  of  ( zT )mja  on  p  when  mixed  carriers 
scattering,  at  B  =  0.55  and  y  =  0.2.  Curves  1-8  are  built 
respectively  at  b  -»  0  (acoustic  phonons  scattering),  b  =  3,b 
=  5,  b  =  7,  b  =  10,  b  =  15,  b  =  20,  b  ->  oo  (ionized  impurity 
scattering). 
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Abstract 

The  thermoelectric  figure  of  merit  is  investigated  under 
accounting  as  bulk  so  surface  parameters. The  electron 
and  phonon  temperaturs  are  suppoused  different.lt  is 
shown  that  thermoelectric  figure  of  merit  increases 
under  sample  dimensions  decreasing  when  electron 
subsystem  has  isotropic  heat  contact  with  thermostat 
and  phonon  subsystem  has  adiabatical  one. 

Thermoelectric  materials  are  known  to  be 

characterized  by  thermoelectric  figure  of  merit  [1] 

z  =  (1) 

Xe+%p 

where  a,  a,  % ,  %  are  thermoelectric  coefficient, 

e  p 

electrical  conductivity,  electron  and  phonon 

components  of  thermal  conductivity,  respectively. 

It  is  known  so  that  formula  (1)  was  obtained  without 
considering  of  sample  geometric  dimensions.  At  the 
same  time  the  real  situation  demands  of  there 
consideration  under  studing  of  thermoelectric 
properties  [2].  It  is  naturaly  to  formulate  the  current 
and  heat  boundary  conditions  in  this  case.  The  general 
heat  flux  which  contains  itself  as  electron's  so  phonon's 
heat  transports  is  fix  on  the  bounderis  usually.  At  the 
same  time  experiments  [3,  4]  and  there  theoretical 
generalization  [2]  point  out  on  the  possibility  of  separat 
operating  of  this  fluxes.  This  lead  to  that  electron 
temperature  Te  and  phonon  temperature  Tv  are  different 
[5]  at  distances  of  order  of  the  cooling  length  [6]  from 
surfaces  which  contact  with  external  thermostats. 
Suppose  a  semiconductor  sample  has  the  form  of  a 
rectangular  parallelepiped  of  the  length  2 a  along  the  jc 
axis,  and  its  right  and  left  faces  are  maintained  at  the 


temperatures  of  Tx  and  T2  (J\  >T2).  We  consider  the 
lateral  faces  of  the  sample  to  be  adiabaticall  isolated, 
and  the  sample  itself  to  be  closed  on  the  external  metal 
load  by  the  resistance  Rm  so  that  thermoelectric  current 

j*  0. 

We  suppose  that  (7\-  T2)/T  «  1  where  T  =  (T\-  T2)l 2 
is  the  average  temperature.  Electronic  gas  in  a 
semiconductor  characterized  by  the  isotropic  parabolic 
law  of  dispersion,  is  considered  to  be  nondegenerate. 
As  a  simplification,  let  us  restict  ourselves  to  the 
scattering  of  charge  carries  on  the  acoustic  phonons.  In 
the  framework  of  the  model  chosen  thermoelectric 
current  and  distribution  of  the  electron  and  phonon 
temperatures  where  studied  in  detail  in  [7]  and  are 
represented  by  the  following  expressions: 

T  fx) -T  Ar  f*  -L  +  P^(l  +  A)  * 

e'P  2  {a  AeBp+^ApBe  a 

|  sh(kx) 

AeBp  +  fiApBe  '  ch(ka)  j 

where 

Ae,p  = 1+  kejKak),  Bep  =  1  +  \e>pak, 

lc2  =L~2  =  k\  +k2p,  %ep  =  (x„>;w 

k2e,p=P  !%e,P’  P  =  k2p/k2  =  %Jxp, 

X^and  %ps9  are  the  surface  thermal  conductivity  of 

electrons  and  phonons,  P  is  the  parameter  used  to 
define  the  interaction  intensity  of  electron  and  phonon 
subsystems  [5],  Yep  is  parameter  taking  the  values  of  1 
and  -p  for  Te  and  Tp 

y  =  «4TG+^fL(1_G)>  (3) 

K  K 
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where  R=Ro  +  Rs  +  Rp  +  Rm  is  the  sample  resistance, 
Rs  is  the  total  resistance  of  its  contacts,  as  is  the 
thermal  EMF  of  contacts: 

2flr(a-a,)[Ga  +  (l-G)a,] 

XeR  ’ 

R  2aT(a-as)2  p 
P  Xe 

C1 

AJBp+pApBe 

$Ap  +  Bp[th(ka)  /  ka] 

F=  Aj^A^Be 

Let  us  use  the  common  expression  for  the  efficiency  of 
thermoelectric  converters 


T|  = 


W 

4X  =  ~a) 


(6) 


where  W  =  j2Rm  is  useful  power, 

q~qe(x=  ~a)+qp(x  =  -a)  is  general  heat  flux  which 

is  leadered  up  to  the  hot  surface. 

Electron  and  phonon  heat  flux's  components  are 
determined  by  relation  [5] 


is  parameter  which  has  the  dimensions  of  the  inverse 
temperature  and  can  be  defined  as  effective 
thermoelectric  figure  of  merit . 

The  first  term  in  the  square  brackets  (9)  is  assocated 
with  nonreversible  heat  loos  caused  by  thermal 
conductivity.  The  second  term  is  associated  which 
Peltier  effect.  Let  us  note  that  z*  depends  not  only  bulk 
parameters  but  on  surface  characteristics  too. 

The  expression  (9)  transfers  to  well  known  expression 
[8]  in  the  limiting  case  of  isotermic  contact  electron 
subsystems  of  bulk  sample  (a/L»  1)  with  thermostats 


(x«  »  Xe’Xps  »  Xp) ,  F  =  0,  G  =  1,  Rp=  0,  Te(x  =  - 

a)  =  7)  and  under  condition  of  reaching  maximum 
power  (R0  =  Rm)  [8] 


i\w  = 


A  T 


Tx  Lz*7\ 


-  +  2 


(11) 


where  z*  =  z. 

The  most  interesting  situation  from  the  standpoint  of 
thermoelectric  energy  conversion  presents  by  the  case 
when  the  phonon  subsystem  is  adiabatcally  isolated, 
and  the  electron  one  makes  the  isothermal  contact  with 


dT ' 


dT, 


(7)  the  thermostats  (x„  »  Xe>Xps  «  XP)  • 

This  situation  can  take  place,  for  example,  under 
qp=~Kp  (^)  electron  gas  heating  by  electromagnetic  wave  [9].  The 

After  uniting  expressions  (2),  (7)  and  (8)  we  can  value  of  ^  ^quancy  must  be  the  order  or  more 
obtaine  than  energy  electron-phonon  relaxation  frequancy.  It 

this  case  the  effective  thermoelectric  figure  of  merit  is 
equal  to 


A  T 
Ty 


4  ,  TXx  =  -a) 


Z*Ty 


a 


_  R 

ctf(l-G)+aG  7?mJ 

where 


8u[a,(l-G)  +  aGfj?n 

xP(i+P)«2 


1- 


Ae  +  VAp{l+A) 


H-l 


AeBp  +  $ApBe 


(9) 


(10) 


',-l' 

V  P  ak 


(12) 


It  the  limitng  case  of  semiconductor  sample  of 
submicron  dimensions  (a/L«  1) 


z*  =  z  1  + 


1 


[10] 


(13) 
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Thus,  from  (11)  it  is  seen  that  with  adiabatical 
isolation  of  the  phonon  subsystem  and  with  the 
reduction  of  linear  sample  dimensions  the  value  of 
thermoelectric  figure  of  merit  increases.  Its  limiting 
value  is  in  the  sample  of  submicron  dimensions.  It  is 
explaned  by  the  absence  of  bulk  energy  electron- 
phonon  interaction,  so  the  adiabaticaly  isolated  phonon 
subsystem  "turns  of  from  heat  transpart  process  throw 
sample  and  efficiency  increases.  The  plot 
demonstrating  this  tendency  is  shown  in  the  Figure. 
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Introduction 

Cadmium  teluride  (CdTe)  is  a  wide  band-gap  semiconduc¬ 
tor  which  has  many  applications  in  various  fields  [1,2,3] — 
from  detectors  of  nuclear  radiation  to  infra-red  diodes  and 
solar  cells.  The  aim  of  this  paper  is  to  describe  the  new  ob¬ 
served  experimental  effect — the  influence  of  temperature 
gradient  AT  on  the  electrical  properties  of  the  systems: 
Au/p-CdTe/Au  (Au/CT/Au),  Au/p-Cd0.96Zn0.04Te/Au 
(Au/CZT/Au).  Its  explanation  based  on  the  theory  [4], 
the  role  of  non-equilibrium  carriers  appearing  due  to  AT, 
is  given.  Thirty  years  ago  Plavitu  [5]  has  published  in¬ 
teresting  theoretical  work  about  the  role  of  the  optical 
phonons  (optical  phonon  drag  effect)  in  Seebeck  effect  and 
in  related  transport  phenomena.  While  the  acoustical  pho¬ 
non  drag  contribution  can  significantly  enlarge  the  value  of 
thermopower,  on  the  contrary  the  optical  phonon  drag  ef¬ 
fect  can  reduce  it.  This  was  shown  for  the  first  time  in  1972 
[6]  (measured  on  CdTe  n-  and  p-types  and  even  in  CdSe). 
Later  this  observation  was  also  verified  by  other  autors  [8]. 
Our  paper  represents  a  continution  of  our  previous  papers 
[6,7,9,10].  The  analysis  of  the  rectifying  properties  of  con¬ 
tacts  Au/p-CdTe  was  published  in  [11,12].  The  interpre¬ 
tation  of  the  results  is  based  on  extended  thermo  emission- 
diffusion  theories  of  charge  carrier  transport  through  a 
Schottky  diode  structure.  The  influence  of  Richardson 
constant  was  also  considered  for  carriers  passing  from  the 
metal  into  the  semiconductor. 

Experiment 

Single-crystals  of  p-CT  and  p-CZT  wafers  were  prepared 
in  the  laboratory  of  prof.  0.  Panchuk  (State  Chernivtsi 
University,  Ukraine).  Bulk  resistivity  of  CT  measured  at 
room  temperature  by  four  point  method  was  about  100 
ohm/cm,  Hall  mobility  80  cm2 /Vs,  resp.  bulk  resistivity 
of  CZT  was  about  4  ohm/cm,  Hall  mobility  76  cm2 /Vs 
(from  Hall  measurements).  The  contacts  were  prepared 
by  electrodless  deposition  of  gold  on  fresh  surface  (cut  im¬ 
mediately  before  the  deposition)  in  air.  The  gold  stipes 
(1  x  3)  mm2  were  deposited  on  fresh  splitted  orientated 
surface.  The  samples  (15  x  3  x  2)  mm3  were  pressed  be¬ 
tween  two  coopper  blocks  with  electrical  heaters  inside. 
The  contacts  indicated  rectifying  properties. 

The  Seebeck  effect 

While  the  Seebeck  effect  in  CT  demonstrates  significant 
phonon  drag  effect  by  optical  phonons  (see  [6,7,10]),  in 


CZT  the  phonon  drag  effect  disappears  [7].  The  reason  is 
probably — as  in  other  simillar  three  compound  semicon¬ 
ductors — in  the  fact  that  optical  phonons  are  more  scat¬ 
tered  on  impurity  centers,  and  so  the  probability  to  inter¬ 
act  with  carriers  in  phonon  drag  is  smaller.  Moreover  the 
thermopower  increases  with  the  decrease  of  temperature, 
when  experomental  volues  of  thermopower  are  compared 
with  calculated  values  from  Hall  measurements. 

The  description  of  observed  effect 

The  experiment  was  in  details  described  in  our  last  papers 
[7,9,10].  In  our  paper  f10]  we  described  the  experiment 
keeping  the  middle  temperature  T*  on  the  constant  value 
as  it  is  suggested  in  the  theory  [4] ,  but  the  theory  does  not 
assume  the  rectifying  properties  of  the  contacts.  For  this 
reason  we  decided  to  keep  the  temperatute  of  one  con¬ 
tact  Au/CT  resp.  Au/CZT  constant  and  to  increase  or 
decrease  the  temperature  of  second  one.  The  temperature 
gradient  AT  on  the  system  Au/CT/Au  resp.  Au/CZT/Au 
significantly  controls  the  electical  current  through  the  sam¬ 
ple,  it  can  enlarge  or  diminish  it  in  the  dependence  of  the 
gradient  direction.  Typical  set  of  j  —  U  characteristics  for 
CT  is  shown  in  Fig.  1  (see  our  previous  papers  [7,9,10]). 
Nonohmic  contacts  moritor  changes  of  the  density  of  car- 


Figure  1:  Typical  set  of  j  —  U  characteristics  of  the  sustem 
Au/CT/Au. 

riers  near  the  Au/CT  or  Au/CZT  interface.  Thus  a  sig¬ 
nificant  shift  on  the  m<  asured  j  —  U  characteristics  with 
the  temperature  gradie  it  is  observed.  The  greater  is  the 
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termovoltage  ckAT,  the  greater  is  the  current  change 


log  ji  ~  log  Jo  =  go  AT,  for  U  =  const, 

where  j\  is  the  current  at  a  given  temperature  difference 
AT  and  jo  stays  for  AT  ==  0.  It  has  been  shown  experi¬ 
mentally  that  there  is  a  different  value  of  the  coefficient  q 
for  the  positive  (AT  >  0)  and  for  the  negative  (AT  <  0) 
temperaure  gradient  for  the  system  Au/CT/Au,  see  Fig.  2. 
The  possible  explanation  of  this  difference  is  in  the  phonon 


Figure  2:  The  asymetrical  current  change  in  Au/CT/Au 
system  on  the  temperature  difference  for  U  —  2  V  and 
T  -  308  K. 

drag  effect  in  CT,  by  the  redistribution  of  holes  in  the 
sample  [4].  In  CZT  no  difference  was  found  (see  Fig.  3), 
because  the  phonon  drag  is  negligeble  as  it  was  shown 
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Figure  3:  The  current  change  in  Au/CZT/Au  on  the  tem¬ 
perature  difference  for  U  =  3  V  and  T  =  308  K. 

above  from  the  thermopower  measurements. 
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Abstract 

The  phonon  contribution  to  the  thermopo¬ 
wer,  S  ,  was  first  seen  in  germanium  at  low 

temperatures ,  and  theoretically  explained  by 
Herring.  Subsequently  it  was  also  predicted 
and  identified  in  metals  and  alloys.  In  metis 
all  phonons  interact  with  the  electron  gas, 
and  the  theory  is  much  simpler.  In  semiconduc 
tors  only  phonons  of  frequency  below  go  can 

J"' 

interact  with  electrons,  where  gocCx:T2.  The 
magnitude  of  Sp  depends  on  the  relative  stre¬ 
ngth  of  phonon  scattering  by  electrons  com¬ 
pared  to  either  phonon- phonon  or  phonon  -  de¬ 
fect  interactions .  Phonon  drag  thermopower  is 
important  at  low  temperatures ,  but  it  can  be 
appreciable  also  at  higher  temperatures,  when 
ever  the  carrier  concentration  is  large  enou^i 
for  the  phonon- electron  interaction  to  be 
strong  below  u  .  This  is  the  case  in  semi¬ 
conductors  used  for  energy  conversion,  where 
Sp  can  be  comparable  to  k/e  or  86  V/K,  thus 

making  a  significant  contribution  to  the  fi¬ 
gure  of  merit.  To  optimize  that  figure,  one 
reduces  the  lattice  thermal  conductivity  by 
point  defects,  which  scatter  high  frequency 
phonons,  while  carrier  scattering  limits  the 
contribution  below  cJc.  Attempts  have  been 

made  to  scatter  phonons  of  intermediate  fre¬ 
quency  by  other  imperfections.  It  is  necess¬ 
ary  to  choose  such  imperfections  carefully; 
if  they  scatter  phonons  below  CJ  strongly, 

the  advantage  of  reducing  the  lattice  thermal 
conductivity  may  be  offset  by  a  reduction  in 
the  thermopower. 


Phonon  Drag 

The  electric  current  density  in  a  con¬ 
ductor  can  be  written  as 


j  =  enX 


a) 


where  n  is  the  electron  density,  e  the  elec¬ 
tronic  charge  and  A  the  drift  velocity.  The 
electron  distribution  in  momentum  space  is 
displaced,  and  the  occupation  number  per  elec 
tron  state  becomes 

f(X  .E,3  )  =  (e£  +1)-1  (2) 


£  =  (E-  %  -X  .jp) /kT  (3) 


where  E  and  p  are  the  energy  and  momentum  of 
the  electroriT  5  is  the  Fermi  energy,  k  the 
Boltzmann  constant  and  T  the  temperature.  The 
phonon  gas  interacts  with  the  electrons.  For 
phonons  of  angular  frequency  cJ  and  wavevector 
q,  the  phonon  energy  is  hcj/2Tr  and  its  momen¬ 
tum  hq/2? r  i  where  h  is  the  Planck  constant. 

If  energy  and  momentum  are  conserved  in  each 
interaction,  the  phonon  gas  would  attain  a 
quasi -equilibrium  distribution 

NCA,cO,T)  =  (ex-l)_1  (4) 


x=  hto  -^X.q)/27TkT  (5) 

provided  the  interaction  of  the  phonons  with 
electrons  is  much  stronger  than  the  processes 
which  bring  the  phonon  gas  into  true  equilib¬ 
rium  with  the  underlying  crystal  lattice,  and 
which  make  2^  —0 • 

Using  the  shifted  phonon  distribution, 
one  can  calculate  the  phonon  heat  current  Q, 
proportional  to  2  » 

Q.  =  (1/3)2  C  T  (6) 

Since  a  i-s  caused  by  the  electric  current,  one 
can  define  a  phonon  contribution  to  the 
Peltier  coefficient  TTp-Q/j*  s°  that,  in  the 

absence  of  phonon- lattice  interactions, 

sp°=  irp°/T  =  C/3ne  (7) 

Here  C  is  the  phonon  specific  heat  per  unit 
vo lume . 

If  the  phonons  interact  with  the  lattice 
by  phonon- phonon  and  phonon-defect  scattering 
processes,  the  drift  velocity  of  the  phonons 
is  less  than  that  of  the  electron  gas.  Since 
the  phonon  relaxation  times  nr*e  and  which 

describe  the  phonon-electron  and  the  other 
phonon  interactions  may  be  frequency  depen¬ 
dent 

s  =s  °  cHfcCco  )  T  (OJ  )  [r(u  )+  Te(o)]  _1do 

...(8) 

where  0{co)doo  is  the  spectral  contribution 
to  the  phonon  specific  heat.  Equation  (8)  is 
obtained  by  equating  the  rate  of  momentum 
transfer  from  the  electrons  into  a  frequency 
group  of  phonons  to  the  rate  at  which  it  is 
removed  by  the  other  processes. 

S  emi conductors 


This  relatively  simple  result  applies  to 
metals  [  1]  where  all  phonons  interact  with  the 
electrons.  In  semimetals  and  semiconductors 
only  a  portion  of  the  phonon  spectrum  can  in¬ 
teract  with  the  electrons.  This  was  recognised 
by  Herring  [2}  whose  theory  for  semiconductors 
at  low  temperatures  actually  precedes  that  for 
metals.  The  following  simplified  treatment  is 
applicable  to  semiconductors  in  the  classical 
limit  when  C(cj  )<*gj  ^  and  C=3Nak,  N&  being 

the  number  of  atoms  per  unit  volume. 

For  a  free  electron  gas  of  low  electron 
density,  wavevector  conservation  requires  q 
to  be  no  more  than  twice  the  Fermi  wavevector 
or,  if  the  gas  is  non-degenerate,  that  q< 
Oc/v,  where  v  is  the  phonon  velocity  and 

CJ c  =  4 IT  (v/h)(2mkT)^  (9) 

For  a  free  electron  mass  and  v=3*10^  cm/s,  If 
hcoc/2rr  k  =  Tc, 

Tc  =  2.2T^  (In  °K)  (10) 

Now  only  phonons  below  cJ>c  are  being  dragged 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


206 


15th  International  Conference  on  Thermoelectrics  (1996) 


by  the  electrons,  so  that  C=Nak(Tc/9) ^ ,  where 

9  is  the  Debye  temperature,  so  that  in  place 
of  (7) 

Sp°  =  Nak/ne  (Tc/Q)3  (11) 

and  in  place  of  (8),  taking  the  integral  up  to 

coc  * 

sp  =  (k/e)(Na/n)(Tc/0)3rp/(rp+Te)  (12) 

where  Yp»  Y0  are  suitably  averaged  over  the 
frequencies  below  cjc.  If  Te«Tp>  Sp=Sp°* 

Note  that  T  and  n  both  depend  on  temperature; 

o 

also  I  varies  as  T2. 
c 

It  is  now  necessary  to  estimate  Ye  and 

to  compare  it  to  Tp«  This  is  conveniently 

done  through  a  momentum  balance  argument,  that 
relates  Ye>  the  relaxation  time  of  phonons 

due  to  electron  interactions,  to  the  rela« 

xation  time  of  electrons  for  the  same  interac¬ 
tion.  This  yields 


=  Cp^c)/Te  O3) 

where  Ce~(3/2)nk  is  the  heat  capacity  of  the 
electron  gas,  C  (  <T>  c)“3Nak(Tc/9) 3  that  of  the 

phonons  which  interact  with  the  electrons-.  If 
the  electrons  are  in  valleys,  & p  must  be 

increased  by  ft  .  Details  are  given  by  White [33 
and  by  White  and  Klemens  T4J.  For  the  electron 
densities  useful  for  thermoelectric  conversion 

D],  l/T  ranges  from  about  4  to  10*1  O^sec”^ 

and  phonon  scattering  by  electrons  is  much 
stronger  than  other  phonon  scattering  proces¬ 
ses  at  cjQ  and  below.  Thus  S  approaches  the 

value  of  S  °  of  equation  (11).  For  n-type  Si- 

P  01  Q 

Ge  alloys  with  n  — 10  cm  ,  is  around  k/e 

or  -86/*V/K  from  900  K  up.  This  is  a  signifi¬ 
cant  and  fortuitous  addition  to  the  Seebeck 
coefficient,  around  25  to  30%  of  the  total. 

Its  absence  would  reduce  the  figure  of  merit 

ZT  =  S2T/(Ke+ yp)?  (14) 

where  is  the  electrical  resistivity,  y<e 

and  Kp  the  electronic  and  lattice  thermal  con 

ductivity .Not  only  does  a  reduction  in  S  re¬ 
duce  the  numerator,  but  it  also  causes  an  in¬ 
crease  in  the  Lorenz  ratio  Ke/^'T  [6], 

Lattice  Conductivity 

Equation  (14)  suggests  that  optimum  per¬ 
formance  requires  Kp  to  be  comparable  to  ><e. 

A  reduction  in  Kp  Is  desirable,  provided  it 

does  not  reduce  S .  The  lattice  thermal  conduc¬ 
tivity  can  be  reduced  below  its  intrinsic  va¬ 
lue,  which  is  limited  by  anharmonic  phonon  in¬ 
teractions  only.  Point  defects,  such  as  in  the 
Si-Ge  alloys,  reduce  the  contributions  by  high 
Frequency  phonons.  Interactions  with  the  con¬ 
duction  electrons  reduce  the  contribution  from 
below  (L>c.  This  leaves  a  frequency  window  where 

the  spectral  contribution  to  the  phonon  conduc¬ 


tivity  is  high,  because  it  is  limited  only  by 
anharmonic  processes.  As  shown  in  the  example 
of  Si-Ge  alloys,  this  window  is  now  respons¬ 
ible  for  much  of  the  conductivity.  Further 
reductions  could  be  made  by  extended  defects , 
which  would  scatter  phonons  at  low  frequen¬ 
cies.  Now,  however,  an  important  considerati¬ 
on  would  be  not  to  scatter  phonons  below 

Not  only  would  such  low  frequency  scattering 
merely  compete  with  phonon-electron  scatter¬ 
ing  and  not  be  very  effective,  but  it  would 
also  reduce  the  phonon  thermopower  Sp. 

Thus  one  should  reconsider  scattering  due 
to  mesoscopic  inclusions  within  the  grains  [  7j. 
Their  contribution  to  the  reciprocal  of  the 
phonon  mean  free  path,  expressed  in  terms  of 
their  overall  volume  fraction  c,  would  be, 
if  they  are  of  spherical  shape, 

^inc  =  6c/d  <15> 

where  d  is  the  diameter  [4,8]  .  The  smaller 
the  inclusions,  the  bigger  their  effect  fora 
given  volume  fraction  c.  Also,  at  very  low 
frequencies,  this  scattering  decreases  rapid¬ 
ly,  roughly  wheno<Tfv/d.  Thus  in  order  not 
to  reduce  S  ,  the  diameter  d  should  not  be 

larger  than  Tf v/cj  .  This  value  of  d  varies 

as  T  2  for  optimization  at  a  temperature  T . 

For  900OK,  where  from  equation  (10)  the  value 
toc  is  5.8*10  sec~^ ,  d  should  not  exceed 

16A°.  Adding  inclusions  within  each  grain  of 
a  semiconductor  alloy  is  far  from  easy,  and 
controlling  the  size  distribution  to  fit  this 
requirement  would  be  even  harder.  In  any  case 
other  factors  must  also  be  considered,  for 
example  one  should  not  reduce  the  electron 
mobility.  The  need  to  avoid  reducing  the 
phonon  drag  thermopower  would  make  the  opti¬ 
mization  process  even  more  complicated. 
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Abstract 

In  disordered  mixed  crystals  the  effect  of  alloy  scattering  is 
known  to  be  of  significant  importance  in  comparison  with  that 
of  lattice  scattering  in  the  consideration  of  electrical  and 
thermal  transport  properties.  In  this  work  we  consider  the 
thermoelectric  power  in  such  isotropically  disordered  mixed 
crystals.  We  derive  the  energy  current  density  operator  for  a 
combined  electron  and  vibrating  ions  of  the  lattice  system  with 
the  electron-lattice  interaction  term  included.  In  this 
preliminary  report,  the  relative  importance  of  electrons  and 
lattice  vibrations  to  the  thermoelectric  power  is  discussed.  The 
coherent  potential  approximation  may  be  used  to  obtain  the 
thermoelectric  power  of  the  disordered  mixed  crystal  as 
function  of  the  concentration.  Our  operator  formulation  is  in 
coordinate  space  which  besides  containing  previous 
formulations  for  metals  and  alloys  as  special  cases,  admits  of 
the  coherent-potential  approximation  methods  to  be  applied  as 
well. 

Introduction 

The  performance  of  a  thermoelectric  material  is  characterized 
by  the  three  important  transport  coefficients,  the  electrical  and 
thermal  conductivities,  and  the  thermoelectric  power.  A  high 
ratio  of  electrical  to  thermal  conductivity  and  a  large 
thermoelectric  power  are  needed  in  selecting  materials  for  both 
thermoelectric  generation  and  refrigeration.  In  this  work,  we 
focus  on  the  effect  of  disorder  scattering  on  thermoelectric 
materials.  The  effect  on  the  thermal  conductivity  and  electrical 
conductivity  in  binary  alloys  have  been  studied  extensively  in 
the  literature  [1,  2].  However,  the  thermoelectric  power  in 
disordered  mixed  crystal  does  not  seem  to  have  been  examined 
with  the  same  rigor.  This  may  be  due  to  the  fact  that  the 
correlation  function  expression  for  thermoelctric  power  tensor 
involves  both  charge  current  and  energy  current  components, 
which  are  more  complicated. 

In  this  work  we  first  derive  the  energy-current-density  operator 
for  a  system  of  electrons  and  ions  with  first  order  electron-ion 
interaction  term  included  by  following  the  procedure  given  in 
[3].  The  correlation  function  of  charge-current  density  operator 
and  energy-current  density  operator  is  then  examined  by 
separating  the  contributions  from  electron,  lattice  and  electron- 
ion  interaction  terms.  Coherent  potential  approximation 
(CPA)  may  then  be  employed  to  study  the  thermoelectric 
power  in  disordered  mixed  crystals. 

Energy-current  operator  for  a  combined  electron- 
lattice  system 


The  correlation  function  expressions  for  the  thermal  transport 
coefficients  are  more  general  than  those  based  on  transport 
equation.  The  linear  response  of  a  system  to  an  external 
electric  field  leads  unambiguously  to  the  Kubo  formula  for  the 
electrical  conductivity  tensor.  This  derivation  based  on  a  “well 
defined  Hamiltonian”  is  thus“mechanical”  [4],  For  a  long  time, 
there  existed  no  mechanical  formulation  for  thermal  transport 
problems  since  there  was  no  Hamiltonian  describing  a  thermal 
gradient.  Green-Kubo-Mori  formulas  for  the  thermal  transport 
coefficients  are  derived  based  on  the  assumptions  that  local 
variables  are  controlled  by  a  Markoff  process  or  when  “local 
equilibrium  distribution”  is  assumed.  Their  derivations  are  not 
as  rigorous  but  are  found  to  be  quite  practical.  They  have  been 
used  widely  in  studying  thermal  transport.  Luttinger  [4]  gave 
an  essentially  mechanical  derivation  by  introducing  an 
inhomogeneous  gravitational  field  which  produces  the  energy 
flow  and  temperature  fluctuation.  A  new  term  which  appears  in 
the  Hamiltonian  as  a  product  of  this  field  and  the  local  energy 
density  operator,  h(r,t ),  of  the  system  is  introduced  and  a 
Kubo-type  theory  developed. 

The  energy-current  operator,  jE(r,t ),  which  appears  in  the 
correlation  functions  is  determined  through  the  following 
equation  of  continuity 

h(r,t)  +  V-jE(r,t)  =  0,  (1) 

The  overdot  here  represents  the  time  derivative. 

Kadanoffand  Martin  [3]  derived  jE(r,t)  for  superconducting 
electrons  and  expressed  the  correlation  functions  in  terms  of 
the  two  -particle  Green  function  familiar  in  the  many-body 
theory.  Hardy  [5]  first  derived  the  jE(r,t)  for  a  lattice  system. 
Luttinger  gave  an  expression  for  the  free  electron  system  [4]. 
Using  the  Bloch  representation  for  electrons,  Lyo  [6],  and 
Vilenkin  and  Taylor  [7]  derived  the  energy  current.  These 
authors  also  included  electron-phonon  interaction 
contributions.  More  recently,  Jonson  and  Mahan  [8]  examined 
the  electron-ion  contribution  to  the  thermopower  of  metals, 
who  also  used  the  Green  function  methods  as  in  [3],  using  the 
harmonic  approximation  for  the  ionic  vibrations.  In  the 
present  work  we  derive  the  jE(rj)  for  a  combined  electron 
and  lattice  system  in  a  representation  free  form.  By  choosing 
appropriate  representation  for  the  field  operators,  this  reduces 
to  the  expressions  found  in  the  literature. 

The  Hamiltonian  of  the  system  considered  here  is 

H  —  He  +  Hp^  +  H^,  (2) 
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He  =  \ d*fyr+(r,t)  %-+V(r)  y(r,t) 
J  2m 


HeP  =-l\d3Ty/+(r,t)Qa(U)VaV(r-Rl)\.=^(7,t)  (4) 


correlation  function  related  to  the  lattice  thermal  conductivity, 
and  does  not  give  contribution  to  the  thermoelectric  power  we 
shall  not  consider  that  term  in  the  following  discussion. 

jE(r,t)  =  je  E(f,t)  +  jEp  ( r,t )  (9) 

Our  derivation  gives 


H p*  =X  4^7+^  I  *««•(/, Oe«(/,O0«'(/\O(5) 

a,l  1  a,a',l,[ 

V(7)  =  ^Vl(7-Rf)  (6) 


p ,  Pa(/,f)  are  the  momentum  operators  for  electrons  and 
ions,  respectively.  Qa(l,t)  is  the  displacement  operator  for  the 
ion.  m,  M(l)  are  the  masses  for  electrons  and  ions, 
respectively,  /fy,  P/°  are  the  position  vectors  of  ions  at  non¬ 
equilibrium  and .  equilibrium  conditions,  respectively. 
V  represents  the  potential  energy  associated  with  the  electrons, 
and  <t>aa'(lJ)  is  the  dynamical  matrix  of  the  vibrating 
lattice.  The  y/+ (r,t),\jf(r,  t)  are  the  creation  and  annihilation 
field  operators  for  the  electron  respectively.  All  the  operators 
here  are  in  Heisenberg  representation,  and  obey  the  standard 
canonical  commutation  rules.  For  the  sake  of  simplicity  we 
have  here  considered  harmonic  approximation  and  leading  order 
electron-ion  interaction. 


j?(7,t)  =  \-ElrE^  +  V(7)-iu)^—^^¥l  (10) 

V  2m  y  2m 


jfP(7j)  =  -j\{yaV{r-Rf))Qa(lA  Mo 


XJM'  vaw-*/°) 


5<M2a(U)p(r\0 


he(r)  =  —+V(r) 
2m 


j(7,t)  =  ~\w2  Vi¥i  -(V2V> 2  )¥i] 

/mi  l  J 


P 1  P2  ' 

— - - ^2^1 

2m 


p(r,t)  =  \j7+\j/ 


A  general  expression  for  j  (rj)  will  be  derived  by  using  the 
definition  of  h(r,t)  in  the  form 


Kr,t)=  —  +V(r)-n  ¥i¥2 

2m 

t)Qa  (/.  t)VaV(r  -Rt)-R  mjp  ¥Cr,  0 

a,l  1  1 


In  the  above  equation  and  subsequent  equations,  the  indices,  1 
or  2,  denote  the  corresponding  variables  as  q ,  r2 ,  respectively, 
and  q  =  r2  =  r  at  the  end  of  the  indicated  operations,  p.  is 
the  chemical  potential  of  the  electrons. 

Eq.  (1)  can  also  be  written  as 

-ih¥  ■  jE (7, t)  =  [h(7,t),H]  (8) 

by  using  the  standard  quantum  mechanical  expression  for  the 
time  derivative  of  an  operator.  Here  H  is  the  total 
Hamiltonian  given  by  eq.  (2). 

From  eqs.  (3-8)  the  energy-current  operator  is  derived  and  may 
be  expressed  as  a  sum  of  two  terms  contributed  by  electron  and 
electron-ion  interaction.  Since  the  part  of  energy-current 
operator  coming  from  phonons  contributes  only  to  the 


j(r ,  t)  and  p(r,  t )  are,  respectively,  the  electric  current  density 
and  charge  density.  The  overdot  represents  the  time-derivative. 
The  secon  term  in  eq.  (1 1)  arises  from  the  commutator  of  H^ 

in  eq.  (5)  with  the  second  term  in  eq.(7),  in  view  of  the  fact 
that 

From  these  general  expressions  we  may  obtain  those  given  in 
the  literature  [6,  7,  8]  by  expressing  the  electron  field  operators 
yir(r,t),  y/+(rj)  in  terms  of  the  appropriate  Bloch  states 
associated  with  the  pertinent  electron  system  of  metals  and 
alloys.  In  the  present  paper,  we  find  it  convenient  to  use 
Wannier  representation,  {um(r)},  to  take  into  account  the 
nature  of  site  disordered  mixed  crystal  systems.  In 
semiconductors,  similarly,  one  may  use  an  effective  mass 
representation  . 

It  is  convenient  at  this  stage  to  express  eq.(9)  in  terms  of  the 
elctron  creation  and  annihilation  operators  a] ^  ,  am  associated 
with  the  Wannier  states.  Since 

=  XMm(?)am(0  05) 


V(rJ)  =  Z,um(r)am(t) 
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we  have 


1 


ie  0  =  —  X  F(n> )an  ari 

2m  n,ri 


(17) 


where 


F{n,  n‘)  = 

_h-EL  +  V{r)_lu 

f  *  *  \ 

Pl  ~P2 

2m 

^  2m  ) 

^(1)^(2)  (18) 


Similarly,  eqs.(l  1),  (13),  and  (14)  can  be  expressed  in  terms  of 
Wannier  representation  since 


Kr, t)  =  S(Vi  -  V2)«„*(2)«„.  (1  )a+nan'  09) 

2ml  n,ri 

p(^»0—  cin  an<  (20) 

n,ri 


Theory  of  thermoelectric  power  of  solids 

Various  techniques  and  approximations  have  been  used  in  the 
past  to  describe  the  theory  of  thermoelectric  power.  So  far  no 
complete  form  is  given  to  provide  a  suitable  description  of  the 
experimental  data.  The  existing  works  on  thermoelectric 
power  are  mostly  based  on  solving  the  Boltzmann  equation 
using  variational  method  and  relaxation  time  approximation 
[9,  10].  Electron-phonon  contribution  to  the  thermopower  of 
metals  has  been  investigated  using  the  Green’s  function 
technique  and  is  found  to  give  good  agreement  with  the  Mott’s 
formula  [8]. 


(j^(0ypv(t)Qa(l,t))  -  (at (0)a2(0);  af  (t)a4(t)Qa(l,t)}  (24) 


The  first  function  also  appears  in  the  expression  for  electrical 
conductivity  tensor  and  can  readily  be  reduced  into  products  of 
two  one-particle  Green’s  functions  as  an  approximation  [11]. 
The  second  and  third  ones  can  be  reduced  to  products  of  three 
one-particle  Green’s  function  through  the  conversion  of 
phonon  displacement  operators  into  electron  operators  using 
the  following  equation  of  motion  for  our  combined  electron 
phonon  system. 

Qa(l,t)  =  M~1  £  jD0(alt;a’/lt')Va.V(?-Rl))x 

(25) 

x  um(?)urri  (?)a£(t  )arri  V)df  d}r 

where  D()  is  the  bare  phonon  Green’s  function.  In  the  case  of 
metals,  these  expressions  were  examined  by  Jonson  and  Mahan 
[8]. 

Coherent-potential  approximation  for  disordered 
mixed  crystals 

In  the  study  of  disordered  mixed  crystal  only  idealized  models 
have  been  solved  exactly.  Those  results  on  simple  systems  are 
invaluable,  both  in  guiding  physically  motivated 
approximations  and  in  finding  unusual  features  unique  to  the 
disordered  systems.  Coherent  potential  approximation  [12,  13] 
is  one  of  the  most  powerful  techniques  used  in  the 
calculations  of  electrical  conductivity  [1]  and  lattice  thermal 
conductivity  [2]  of  disordered  binary  alloys.  This  technique  is 
capable  of  dealing  with  single  particle  properties  of  elementary 
excitations  in  site-disordered  crystals  AXB,.X  for  arbitrary  x  and 
for  moderately  different  characteristics  of  A  and  B. 


Here  we  give  a  general  formalism  applicable  not  only  to 
metals  but  also  to  semiconductors.  Based  on  the  Green-Kubo- 
Mori  formula  the  product  of  electrical  conductivity, a,  and  the 
thermopower,  a,  is  given  by 

i  00  P 

(aa)^v(co)=  \im -p:  jdte'103'-111  jdXhuWjyit  +  ifiX)) 

4->0+  “  0  o 

(21) 

jp  (0)  is  the  total  electric  current  and  is  given  by  integrating 

eq.(19)  over  all  space,  jy  ( t )  is  similarly  the  total  energy 

current.  (3  is  related  to  inverse  temperature,  Thus  the 

evaluation  of  the  correlation  function  in  eq.(21)  reduces  to 
finding  the  following  three  types  of  correlation  functions: 

(jfi (0);yv(0)  =  (at (0)a2(0);  <33  ( t)a4(t ))  (22) 

(jn(0yJv(t)Qa(U))  =  (at (0)a2(0y,  a3+  ( t)a4(t)Qa(l,t ))  (23) 


Velicky  used  single  band  model  Hamiltonian  to  describe  the 
electronic  structure  of  a  disordered  binary  alloy.  Single-site 
approximation  in  a  multiple-scattering  description  are  based  to 
evaluation  the  electrical  conductivity  [1].  We  plan  to  apply 
this  method  to  the  problem  at  hand. 

The  contributions  to  the  thermopower  are  proportional  to  the 
correlation  functions  of  the  form  eqs.  (22-24);  the  first  of 
which  is  similar  to  that  appearing  in  the  expression  for 
electrical  conductivity,  and  the  other  two  are  unique  to  thee 
expression  for  thermopower,  because  of  the  inclusion  of 
eletron-ion  interaction.  Procedures  of  the  configuration 
averaged  two-particle  Green’s  functions  in  ref.[l]  can  be 
generalized  to  determine  these  contributions.  We  plan  to 
pursue  this  in  the  near  future. 

Summary 

In  this  contribution,  we  have  developed  an  expression  for  the 
energy-current-density  in  a  general  setting  which  unifies  the 
results  found  in  the  literature  in  an  elegant  way.  This 
formulation  lends  itself  to  coherent  potential  approximations 
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useful  in  dealing  with  disordered  mixed  crystals.  In  metals, 
Jonson  and  Mahan  [8]  found  that  the  electron-ion  contributions 
are  negligible  so  that  Mott’s  formula  for  thermoelertric  power 
continues  to  hold.  We  hope  to  investigate  if  this  conclusion 
needs  modification  in  the  case  of  strong  coupled  electron-ion 
systems  which  may  occur  in  semiconductors  and  elsewhere. 

This  work  is  supported  in  part  by  the  Office  of  Naval 

Research. 
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Abstract 

The  physical  transparency  of  thermopower  phenomenon 
in  unipolar  case  and  the  clearness  of  calculation  lead  to 
the  following  paradoxical  results:  in  the  case  of  a  bipolar 
medium  the  situation  seems  to  be  equally  obvious,  and 
so  the  same  calculation  sheme  is  used.  The  aim  of  this 
paper  is  to  show  that  situation  changes  in  bipolar  media 
in  principle.  If  a  semiconductor  specimen  contacts  with 
a  heater  with  temperature  Ti  on  the  surface  x  =  —  a  and 
with  a  cooler  with  temperature  T2  on  the  surface  x  =  -fa, 
the  chemical  potential  of  the  electrons  and  holes  are  het¬ 
erogeneous  in  space  and  different  in  all  points  of  the  spec¬ 
imen.  Thus  there  are  two  Fermi  quasilevels  even  in  the 
quasineutrality  approximation,  and  single  common  “gra¬ 
dient  of  electrochemical  potential”  of  electrons  and  holes 
is  absent.  One  more  problem  arises  when  bulk  and  surface 
recombinations  take  place:  the  correct  determination  of  el- 
lectron  and  hole  equilibrium  concentrations  and  boundary 
conditions  when  thermoelectric  current  flows  in  a  closed 
circuit.  The  aims  of  this  paper  are  to  show  the  methods 
of  thermopower  calculations  in  case  mentioned  above  and 
which  physical  phenomena  determine  its  value. 

Introduction 

Let  us  begin  with  the  unipolar  situation.  Dating  back  to 
the  paper  of  Thomson1  in  1856  the  theory  of  the  origin 
of  the  thermo-emf  in  this  case  has  found  its  most  pre¬ 
cise  description  in  many  publications  (see,  for  example 
Refs.  [2,3]).  It  is  necessary  to  connect  the  electric  cir¬ 
cuit  (Fig.  1)  for  the  determining  thermo-emf  in  the  case 
of  the  absence  of  electric  current  (broken  circuit).  A  semi¬ 
conductor  sample  whose  thickness  is  2 a  (-a  <  x  <  a) 
contacts  with  a  heater  with  temperature  Ti  on  the  sur¬ 
face  x  =  —  a  and  with  a  cooler  with  temperature  T2  on 
the  surface  x  =  -fa.  The  connecting  wires  are  made  of 
the  same  material  (metal)  and  are  hooked  up  to  the  ter¬ 
minals  of  a  measuring  compensating  circuit  which  allows 
us  to  measure  the  difference  of  voltage  ipb  and  <pc  in  the 
absence  of  an  electric  current.  Leads  of  connecting  wires 


Tx  T2 


Figure  1:  The  electric  circuit  for  measuring  of  ther¬ 
mopower. 

have  equal  temperatures  [for  example,  T*  =  (Ti  +  T2)/2] 
at  points  b  and  c.  As  follows  from  Ohm’s  law,  for  a  closed 
electric  circuit  V  =  j(R  +  r)  ( V  is  the  emf  of  the  power 
source,  r  is  source’s  resistance,  R  is  the  resistance  of  the 
external  load,  and  j  is  the  density  of  the  electric  current). 
If  R  — >  oo  (broken  circuit),  then  the  density  of  electric 
current  j  — »  0  and  V  —  jR  =  (pc  —  </?&• 

Since  the  electron’s  chemical  potentials  fin(x)  are  equal  in 
the  points  b  and  c,  then 

Vc  -  <Pb  =  {fibn  -  (?n)/e,  (1) 

where  fin(x)  =  fin(x)  —  etp(x)  is  an  electrochemical  poten¬ 
tial.  At  the  same  time, 

=  (2) 

As  is  well  known,  the  expression  for  the  density  of  the 
electric  current  is  of  the  form2 

in  =  *»(*)  (v^  -  an(l)vrj  ,  (3) 

where  an(x)  is  the  electric  conductivity  and  an(x)  is  the 
thermoelectric  power.  In  the  absence  of  an  electric  current 
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dfln(x)/dx  —  ean(x)dT/dx.  Let  us  emphasize  that  this 
correlation  is  correct  all  over  the  circuit,  where  an(x)  ±  0, 
e.g.,  outside  the  region  [6,c],  where  an(x)  -4  0  (this  condi¬ 
tion  provides  jn  —  0  everywhere  in  the  circuit).  Therefore 
the  expression  (2)  can  be  rewritten  in  the  form 


where  an  and  (*m  are  the  values  of  an(x)  in  the  semicon¬ 
ductor  and  in  the  connecting  wires.  Finally  we  have  for  the 
difference  <£>c  —  which  coincides  with  the  thermo-emf  V 
of  the  broken  circuit, 

V  =  <Pc  -  Vb  =  (oin  -  olm){T\  -  T2).  (4) 


To  simplify  the  calculations  we  have  assumed  that  7\  - 
T2  T*  which  does  not  restrict  the  generality.  Since 
usually  \(*m\  \an\,  then 

v  =  an(ri-r2).  (5) 

The  last  expression  coincides  formally  with  /^"aaV[</?  — 
(pn/e)]  dx. 

Thus  the  general  scheme  of  calculating  the  thermo-emf 
comes  to  the  following  for  a  unipolar  broken  circuit.  The 
gradient  of  the  electrochemical  potential  V/2n(rr)  is  ob¬ 
tained  by  setting  expression  (3)  equal  to  zero.  Then  inte¬ 
gration  of  Vjxn{x)  in  the  anticlockwise  direction  (together 
with  multiplying  by  e”1)  gives  the  value  of  the  thermo- 
emf.  It  is  important  to  emphasize  that,  as  above,  the  ex¬ 
treme  points  of  the  circuit  ( b  and  c)  would  have  the  same 
temperatures. 

It  follows  from  (2),  in  a  unipolar  medium,  that  even  if  the 
condition  of  quasineutrality  is  not  fulfilled  and  nonequi¬ 
librium  electrons  (this  notion  will  be  defined  more  exactly 
below)  arise,  the  gradient  of  concentration  of  these  car¬ 
riers  n  does  not  give  a  contribution  to  the  thermo-emf 
[the  summand  ( dfxn/dn)\7n  disappears  from  the  expres¬ 
sion  for  V].  This  argument  confirms  the  following  idea  of 
Ioffe:4  the  potential  difference  created  by  the  bulk  concen¬ 
tration’s  gradient  is  compensated  by  the  contact  potential 
difference  (“diffusion  voltages”)  on  the  boundaries  +u  and 
-a. 

Let  us  note  in  conclusion  that  the  obviousness  of  the  above 
scheme  is  lost  when  thermo-electric  current  flows  in  a  closed 
circuit. 

In  bipolar  semiconductors  (traditional  approach),  the  sys¬ 
tem  of  equations  for  electrons  and  holes  are  analogous  to 
(3):2 


an(x) 

+v Mx)  _  an(a.)vr 
e 

ap{x) 

V^(X)  qp(2))Vt] 

Here  jp  is  the  density  of  the  hole  electric  current,  crp(x) 
and  ap(x)  are  the  electric  conductivity  and  thermoelectric 
power  of  the  holes  [an(x)  and  ap(x)  have  opposite  signs], 

ftp  —  Eg  jln  —  f-ip  -f*  eip  (7) 

is  the  hole  electrochemical  potential, [2]  and  eg  is  the  band 
gap.  It  is  important  to  emphasize  that  in  expressions  (6) 
V fi  —  (dji/dT)  VT  usually.  The  full  current  j0  is  equal  to 


jo  =  jn+jp  =  0, 


(8) 


if  a  bipolar  semiconductor  is  represented  as  in  Fig.  1. 

It  is  easy  to  obtain  V[pn(x)/e]  from  (8)  taking  into  account 
(6)  and  knowing  that  Vfip  =  —Vfin  [see  (7)], 


-7 -T  [<T„(x)an(x)  +  ap(x)ap( x)]  VT, 
<7\X) 


a(x)  =  an(x)  +  <jv{x). 

Then  we  find  the  thermo-emf  V  (it  is  assumed  that  p  3> 
c*m  and  Ti  -  T2  <C  T*  as  above): 


V 


-l 


y  AnQjO 
L  e 


dx  =  -  (anan  +  apap )  (7\ -T2).  (9) 
( 7 


Formulation 

The  expression  (9),  especially  the  method  of  the  calcula¬ 
tion,  causes  serious  objections.  Really,  the  electron  con¬ 
centration  and  hole  concentration  should  be  lower  in  the 
heating  lead  in  the  stationary  state  due  to  thermodiffusion 
if  bulk  and  surface  recombinations  are  absent.  In  contrast, 
these  concentrations  should  increase  in  the  cooling  lead. 
On  the  one  hand,  this  causes  the  appearance  of  appreciable 
diffusion  currents5  in  expression  (6)  [V/xn  =  (dfxu/dn)X7n\. 
On  the  other  hand,  it  leads  to  a  violation  of  relation  (7). 
Two  Fermi  quasilevels  jln  and  fxp  arise  instead  of  a  sin¬ 
gle  level  of  the  electrochemical  potential,  and  as  a  result 
|  V/2n|  7^  |  V/xp|.  In  this  case  the  procedure  described  in  the 
Introduction  becomes  incorrect,  because  the  single  com¬ 
mon  “gradient  of  electrochemical  potential”  of  electrons 
and  holes  is  absent.  As  a  result  we  have  two  equations 

di  vj„  =  eRni  divjp  =  ~eRp  (10) 

for  both  thermoelectric  fields  V(/tn/e)  and  V(/xp/e)  in¬ 
stead  of  one  equation  (8).  In  Eqs.  (10)  Rn  and  Rp  describe 
the  electron  and  hole  recombination,  correspondingly. 

Because  divjo  =  0,  we  obtain  next  correlation 

Rn  =  Rp  =  R.  (11) 


One  more  problem  arises  when  bulk  and  surface  recombi¬ 
nations  take  place:  the  correct  determination  of  electron 
and  hole  equilibrium  concentrations.3  Really,  if  we  write 
down  for  R  equations: 


R  — 


n  —  no 

Tn 


P-Po 

Tp 


(12) 
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Figure  2:  Band  structure  of  metal-semiconductor-metal 
junction. 


where  Te>p  are  the  lifetimes  of  electrons  and  holes,  it  should 
be  stressed  that  no  and  po  occuring  in  the  terms  describ¬ 
ing  the  bulk  and  and  surface  recombination  processes  are 
governed  in  a  temperature  field  by  the  “equilibrium”  con¬ 
centrations:3 


no  —  noo  H-  <5no ,  po  —  Poo  +  Spo  • 


This  “equilibrium”  concentrations  are  found  by  solving  a 
system  of  equations: 


pn(x)  =  —Eg  -  pp(x)  =  const  (13) 

=  47T e(5n0  -  Sp0 ). 

Here,  noo  and  poo  are  the  local  concentrations  in  point  x 
with  the  temperature 


T(x)  = 


Ti+T2 

2 


Tx~T2 
2  a 


x. 


(14) 


Then  the  boundary  conditions  for  Eq.  (13)  are  (see  Fig.  2): 


V>«(±<0  -  -  [V>s(±a)  -  fim}  -  — . 

e  e 

It  is  possible  to  formulate  boundary  conditions  for  Eqs.  (10) 
and  the  Poison  equation 

-jrr  =  e(n  -  p),  (15) 

if  we  introduce  electron  and  hole  electric  conductances  per 
unit  area  of  the  contacts  of  the  semiconductor  sample  with 
connecting  wires  (fn  and  respectively).  If  the  thickness 
of  the  junction  S  is  negligible  compared  to  the  thickness 
2a  of  the  bulk  semiconductor  and  a®  (cr*)  is  the  junction 
conductivity  of  electrons  (holes),  we  have  (cr£  and  ap  are 
supposed  to  depend  on  £) 


£n  =  lim  and  £p  =  lim 
s  <5^0  S  p  6-+0  S 


in  the  connecting  wires  and  pm  does  not  depend  on  tem¬ 
perature  (metal)]  is  reduced  to6 

j’|x=±a  =  joTe/?±|x=±a  (16) 

jp\x=±a  ~  L=±a 

Jo  =  ±£  b.(±o)  -  <pm(±a)]?£-  K(±a)  - 
In  Eqs.  (16) 


Rf  =  (n(±a)  -  n00  -  <5n0)  =  sf  (p(±a)  -  p00  -  Sp0) . 

(17) 

Here  sfp  is  the  surface  recombination  velocity  on  the  x  — 
±a  walls. 

Finally,  the  question  remains  how  to  obtain  the  thermo- 
emf  in  this  case,  and  which  physical  phenomena  determine 
its  value.  The  answer  to  the  first  of  these  questions  has 
been  given,7  where  the  general  scheme  was  proposed  for 
calculation  of  an  emf  of  any  nature.  It  follows  from  this 
paper  that 


V  =  I  ( _  ^p^p]  di 
J  \ea  dx  ecr  dx  J 

_  /  / VnOn  +  OpOp\  M  (lg) 

J  \  a  a  /  dx 

where  integration  is  carried  out  clockwise.  Let  us  note  that 
expression  (18)  is  always  correct  (for  a  broken  circuit  just 
as  in  the  case  of  a  flowing  thermoelectric  current).  The 
second  item  in  (18)  coincides  with  the  expression  (9).  The 
first  item  in  (18)  vanishes  (it  is  equal  to  zero  identically 
in  the  unipolar  case)  and  expression  (18)  turns  into  (9)  if 
electrons  and  holes  have  a  single,  common  electrochemical 
potential  level.  Correlation  (7)  does  not  hold  if  electrons 
and  holes  flow  from  the  hot  lead  to  the  cool  one  and  elec¬ 
tron  and  hole  Fermi  qi  asilevels  appear.  In  this  situation 
the  first  item  in  (18)  differs  from  zero  and  the  gradients  of 
concentrations  and  corresponding  diffusion  currents  con¬ 
tribute  to  the  thermopower. 

It  is  should  be  pointed  out  that  communication  between 
n  and  p  are  established,  when  bulk  and  surface  recom¬ 
binations  are  not  equal  zero.  Of  course,  in  this  case  it 
is  nesessary  only  one  of  Eqs.  (10)  (and  one  of  two  first 
Eqs.  (16)).  It  means,  that  the  solution  of  the  system  (10), 
(15)  obtained  in  the  limits  re)P  — »  inf  and  sfp  0  does 
not  reduce  to  the  corresponding  solution  in  the  absence  of 
the  recombination.3 

In  the  last  case  it  is  possible  to  occure  the  current  in  closed 
circuite  under  conditions 

jp  =  0,  jsn  =  jo 
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Abstract 

In  this  work  heat  transport  in  condensed  media  is  exam¬ 
ined  from  the  theoretical  point  of  view.  We  consider  the 
heat  flux  at  the  surface  of  the  sample  as  boundary  condi¬ 
tion  and  a  fixed  temperature  on  the  other  surface  of  the 
sample  those  boundary  conditions  reflect  the  usual  exper¬ 
imental  conditions  in  photoacoustic  experiments.  From 
this,  we  obtain  explicity  the  electron  and  phonon  temper¬ 
ature  distributions  in  the  sample  as  function  of  both,  time 
and  position,  valid  for  all  range  of  the  laser  chopper  fre¬ 
quency.  The  characterization  of  the  thermal  waves  prop¬ 
erties  is  duscussed  and  some  practical  procedures  for  this 
purpose  provide  us  with  information  about  the  electron 
and  phonon  thermal  parameters. 

Introduction 

Photothermal  techniques  in  solid  materials  are  becoming 
evaluable  tool  in  the  measuring  thermal  parameters  as  well 
as  in  the  semiconductor  industry  for  characterizing  pro¬ 
cess  in  the  manufacturing  of  electronic  devices1.  These 
techniques  are  versatile,  nondestructive,  and  can  be  em¬ 
ployed  under  different  experimental  conditions  for  deter¬ 
mining  thermal  parameters  of  solid  materials.  Several  pho¬ 
toacoustic  cells  with  slight  modifications,  incluiding  the 
derivative  photopyroelectric,  and  photothermal  deflection 
methods,  have  been  used  in  some  special  cases  with  great 
sucess2.  Being  a  photothermal  technique,  the  detected 
signal  is  strongly  dependent  upon  how  the  heat  diffuses 
through  the  sample  allows  us  to  perform  thermal  charac¬ 
terization  of  the  sample. 

Recently3 ,  thermal  conductivity  and  thermal  diffusivity  of 
a  two-layer  system  were  examined  solving  the  one-dimensional 
heat- diffusion  equation  with  appropiate  boundary  condi¬ 
tions  at  the  surface  of  the  sample  in  the  approximation  of 
high  frequency  incident  radiation.  In  the  present  paper, 
we  investigate  the  heat  diffusion  in  condensed  media  for  all 
range  of  frequency  of  the  incident  electromagnetic  radia¬ 
tion.  We  restrict  our  analysis  to  the  case  of  solution  of  the 
heat  transport  equation  considering  only  the  continuity  of 
the  heat  flux  at  the  surface  of  the  sample.  In  addition, 
we  also  take  into  account  the  continuity  of  the  tempera¬ 
ture  distribution  at  the  other  surface  of  the  sample.  It  is 
shown  that  in  the  limit  of  low  frequency  the  variation  of 
the  temperature  is  quasiestatic,  while  in  the  limit  of  high 
frequency,  the  dynamic  part  of  temperature  distribution 


independen  vanishes.  For  typical  parameters  of  the  heat 
conductivity  of  electrons  and  phonon  in  semiconductors, 
it  is  possible  to  obtain  information  about  the  physical  pa- 
rameteres  describing  the  diffusivity  and  electron-phonon 
interaction  in  photoacoustic  experiments. 

Formulation 

It  is  well  known  that  heat  transport  in  solids  is  carried 
out  by  various  quasiparticles  (electrons,  holes,  phonons, 
magnons,  etc.).  Frequently  the  interactions  between  these 
quasiparticles  are  such  that  each  of  these  systems  can  have 
its  own  temperature.  Under  certain  conditions4  on  the 
relaxation  frequency  of  electron  and  phonon  systems  and 
size  of  the  sample,  the  total  system  can  be  described  by  the 
same  temperature  T.  In  the  photothermal  experiments, 
the  incident  radiation  is  modulated  on  time  by  the  chopper 
and  in  this  case  it  is  necessary  to  consider  the  dynamical 
contribution  on  the  heat  transport. 

In  one  temperature  approximation,  which  is  usually  the 
condition  in  most  of  the  photothermal  experiments  the 
equation  of  the  heat  conduction  in  solids  in  one  dimension 
can  be  written  as 

d*T(x,  t)  18T 

8k2  a  dt  * 

Here  a  is  the  thermal  diffusivity  given  by  k/ pc  where  p 
is  the  density  and  c  h  the  specific  heat  of  the  sample. 
Assuming  the  thermal  conductivity  k  is  temperature  inde¬ 
pendent,  the  general  solution  of  the  heat  diffusion  equation 
for  the  temperature  distribution  in  the  sample  is  given  by 
(0  <  x  <  a) 

T{x,  t)  —  A  T  BX  -f-  0{x ,  £)  (2) 

the  solution  T(x,t)  should  be  supplemented  by  boundary 
conditions  at  x  =  0  and  x  =  a.  In  the  photothermal  exper¬ 
iments  the  most  common  mechanism  to  produce  thermal 
waves  is  the  absorption  by  the  sample  of  an  intensity  mod¬ 
ulated  light  beam  with  modulation  frequency  uj.  It’s  clear 
that  fixed  the  intensity  of  the  radiation,  the  light-into-heat 
convension  at  the  surface  of  the  sample  (x=0)  can  be  writ¬ 
ten  as 

Q(x,t)\x=0  =  Qo  +  &Qeiwt  (3) 

where  Qo  is  proportional  to  incident  intensity  of  light  and 
the  other  term  represents  the  modulation  of  this  light.  The 
temperature  is  considered  fixed  and  continuous  at  x-  n  and 
equal  to  T\. 
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Figure  1: 


Figure  3: 


Using  the  boundary  conditions  on  Eq.  (2)  the  constants  A 
and  B  are  given  by 

A  =  -Qo/k  and  B  =  Tl-^-a  (4) 

Here  8(x,t)  satisfies  the  heat  diffusion  equation  with  the 
following  boundary  conditions 

*)U=o  =  A  Qetwt  (5) 

0(x,t)\x= a  =  0 

the  general  solution  for  6{x ,  t)  can  be  written  as 

6(x,t)  =  {fieax+f2eax]eiwt  +  [gie-a*x+92e<r*x]e‘~iwt  (6) 

the  parameter  a  is  determined  by  forcing  Eq.  (6)  to  satis¬ 
fies  Eq.  (1)  and  is  equal  to  a  =  (1  4-  i)y/u/2a  and  using 
the  boundary  conditions  at  x  =  0  and  x  =  a,  the  constants 
are  given  by 

=  e™  A  Q  =  e~aa  A  Q 

J1  eaa  +  e~aaKa  J 2  eaa  +  eaa  Ka  [) 


9i=  92=0 


In  arriving  to  Eq.  (3),  we  assume  that  the  sample  is  opti¬ 
cally  opaque  to  the  incident  loght  (i.e  all  the  incident  light 
is  absorbed  at  the  surface).  Once  we  know  the  temperature 
distribution  in  the  sample,  we  can  assume  some  model  in 
order  to  calculate  the  photothermal  signal  (photoacoustic 
signal,  photothermal  deflection  etc.). 

Then  we  can  write  the  temperature  distribution  in  the 
sample  as 


n -i/  >\  (rp  .  Qo  \  Qo  sinhcr(x 

T(x,<)  =  (T,  +  ^a)  -  T*_  _____ 


Q)  g iwt 


(8) 


It  important  to  mention  that  our  model  is  valid  for  any 
modulated  frequency  of  the  incident  light  u>.  In  the  limit 
when  \aa\  |  (low  frequency  limit) 

T(x,t)  =  (71  +  ^a)  ~yx-  ~  a)eiWt ■  ( 9 ) 


For  this  limit,  the  heat  flux  is  quasi-static  and  Eq.  (9)  can 
be  obtained  only  assuming  that  d2T(x,t)/dx2  =  0  with 
the  boundary  conditions  mentioned  before. 


Figure  2: 


Figure  4: 
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On  the  other  hand  in  the  limit  when  \aa\  »  1  (high  fre¬ 
quency  limit) 


T(x,t)  =  (Ti  +  %a)  -  ^ 9,e™t-<jx 

k  k  ka 

which  is  similar  to  one  obtained  in  Ref.  3.  In  this  limit  the 
dynamical  part  of  the  temperature  distribution  has  only 
significant  values  at  distance  from  the  surface  of  the  order 
la”1!  and  at  this  distance  the  amplitude  of  the  dynamic 
part  is  | era)  times  smaller  then  the  static  part. 

Then  electron  Te  and  phonon  Tp  temperatures  are  different 
instead  of  Eq.  (1)  we  obtain:4 


d2Te 
dx 2 


—  fcg(Te  —  Tp) 


l_6Te 
ae  dt 


(10) 


d2Tp 
dx 2 


+  k2p(Te-Tp) 


j_dTp 

av  dt 


where  k2p  =  ne  (kp)  is  the  electron  (phonon)  thermal 
conductivity,  parameter  P  describes  the  transfer  of  heat 
between  electrons  and  phonons. 

Some  possible  cases  of  the  distributions  of  the  dynamic 
parts  of  Te  and  Tp  are  shown  on  Figs.  1-4. 
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Abstract 

An  optimum  design  is  investigated  to  maximize  the 
coefficient  of  performance(COP)  for  a  thermoelectric  cooling 
system(TEC  system)  which  consists  of  a  thermoelectric 
cooler(TEC)  and  heat-exchangers  at  the  cold  side  and  the  hot 
side.  Optimizing  a  TEC  in  the  TEC  system  for  the  maximum 
COP  can  be  performed  by  using  the  balance  equations  of  non- 
dimensional  entropy  flow,  when  the  thermal  resistances  of 
heat-exchangers  for  a  TEC  system  are  given  and  the  system 
operates  under  a  constant  temperature  difference.  In  these 
equations,  the  COP  of  the  TEC  system  becomes  a  function  of 
non-dimensional  thermal  resistance  of  the  cold  side  heat- 
exchanger  and  non-dimensional  entropy  flow  at  the  cold  side 
of  the  TEC  system.  Therefore  the  COP  of  the  TEC  system  is 
shown  as  a  contour  graph  on  these  two  variables.  By  using  this 
graph,  not  only  TEC  design  parameters  for  the  maximum  COP 
of  the  TEC  system  can  be  determined,  but  the  degrading  effect 
by  thermal  resistances  of  the  TEC  system  on  the  COP  can  also 
be  evaluated. 


In  this  paper ,  a  simulation  method  of  optimizing  a  TEC  in 
a  TEC  system  is  discussed  by  using  the  non-dimensional 
entropy  flow  equations5  which  are  a  extension  of  the  heat 
balance  equations  of  TEC  systems.  In  these  simulations,  the 
thermoelectric  properties  of  thermoelements  are  approximated 
by  the  values  determined  from  the  average  temperature  of  the 
operating  TEC6. 


*  ivugiuuui  vrV 

To  generally  discuss  the  optimization  of  a  TEC  in  the  TEC 
system  shown  in  Fig.l,  the  following  non-dimensional  entropy 
flow  equations  for  a  TEC  system  are  used: 

,  +  — — e(eH-l)  =  0,  m 
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■  1  -2 
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Introduction 

When  thermoelectric  coolers(TECs)  are  used  in  various 
applications,  it  is  important  to  design  a  TEC  for  obtaining  the 
maximum  COP  of  the  TEC  system  in  which  the  thermal 
resistance  of  heat-exchangers  are  given  and  which  operates 
under  a  constant  temperature  difference.  Several  attempts  have 
been  done  to  analyze  the  performance  of  a  TEC  or  a  TEC 
system  by  various  methods1,2’3,4.  However  these  methods  are 
not  convenient  form  to  simulate  the  optimum  TEC  in  a  TEC 
system. 


6  _ l±)£ _ 

“  (l  +  p-f}j)(l  +  Xj)  +  (l-Pj)\  <4> 

In  these  equations,  qc  and  qH  are  the  non-dimensional  entropy 
flow  at  the  cold  side  and  the  hot  side  of  the  TEC  system 
respectively.  The  TEC  system  absorbs  the  heat  flow(<2c)  at  the 
cold  side  and  emit  the  heat  flow(Q//)  at  the  hot  side.  Therefore 
entropy  flow  at  each  side  is  Qc/Tc  and  QH!TH .  qc  and  qH  are 
derived  from  normalizing  these  entropy  flow  by  the  thermal 
conductance  of  the  TEC(K).  Entropy  flow  caused  at  p-n 
junctions  by  electrical  currentfT)  is  a  product  of  Seebeck 
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Fig.l  Schmatic  diagrams  of  TEC  system  :  (a)  heat  flow  scheme  and  (b)  non-dimensional  entropy  flow  scheme 
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coefficient  of  a  TEC  (A)  and  electrical  current.  This  entropy 
flow  normalized  by  the  thermal  conductance  of  the  TEC  is 
denoted  by  j.  A  and  0  are  the  ratio  of  the  thermal 
resistances  of  the  hot  side  and  the  cold  side  heat-exchangers  to 
the  thermal  resistance  of  the  TEC.  Therefore  A  and  0  can 
be  called  non-dimensional  thermal  resistances  of  those  heat- 
exchangers.  0  H  (=1/  0  c  )  is  the  ratio  of  the  hot  side 
temperature  to  the  cold  side  temperature.  ZTC  and  ZTH  are  the 
well-known  non-dimensional  figures  of  merits. 


COP 

The  COP  of  a  TEC  system  (  7])  is  given  below  by  using  the 
non-dimensional  entropy  flow  equations  Eqs.(l)  and  (2): 

Qh  ~  Qc  eH<lH  -QC 

In  order  to  simulate  the  optimum  TEC  in  a  TEC  system  of 
which  heat-exchangers  are  given,  it  is  convenient  to  use  the 
non-dimensional  variables  A  and  j3/A  instead  of  A  and 
0 .  This  TEC  system  has  a  constant  0  /  A  .  Therefore 
optimizing  a  TEC  in  this  TEC  system  is  replaced  to 
determining  A  to  maximize  the  COP.  In  this  paper  we 
discuss  optimizing  a  TEC  in  the  TEC  system  with  a  constant 
0  /  A  which  operates,  under  the  constant  temperature 
difference  (0H=l.l).  Since  0H  ,  ZTC,  and  0/ A  are  given 
as  constant  values  in  Eq.(5),  the  COP  becomes  a  function  of  j 
and  A .  Further  j  becomes  a  function  of  qc  and  A  from 
Eq.(l).  Therefore  the  COP  for  this  TEC  system  becomes  a 
function  of  qc  and  A .  Figs.2-4  show  contour  graphs  of  TEC 
systems  with  0/A=l,  5  and  10  on  these  variables.  These 
contour  graphs  are  plotted  by  numerical  calculation  that  uses 


A' 

Fig.3  Contour  graph  of  COP  on  qc '  and  A  '  for  0/  A  =5, 

0  H-\.\  and  Tc=298K.  The  linear  lines  shows  that  the  TEC 
systems  which  satisfy  ~i^Tc  =0.001  and  0.002  have  the 
maximum  COP  at  A  '  =  A  'optl  and  A  '  =  A  'op!2  respectively. 


A  ' 

Fig.4  Contour  graph  of  COP  on  qc '  and  A  '  for  0/  A  =10, 

0  H-l.l  and  Tc=298K.  The  linear  line  shows  that  this  TEC 

system  which  satisfies  —  -  =0.002  has  the  maximum  COP  at 
.  ✓  .  ,  LcJc 


the  thermoelectric  properties  determined  from  the  average 
temperature  of  the  operating  TEC.  In  this  approximation,  qc' 
and  A  '  are  used  instead  of  qc  and  A .  qc '  and  A  '  are 
defined  below  by  the  values  of  qc  and  A  at  Tc  respectively3: 


A  ' 

Fig.2  Contour  graph  of  COP  on  qc  '  and  A  '  for  0/A=  1, 
0 H-l.l  and  Tc=298K.  The  linear  line  shows  that  this  TEC 
system  which  satisfies  Qc  -  =0.002  has  the  maximum  COP  at 
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A' 

Fig.5  Contour  graph  of  j  on  qc  '  and  A  for  /3/A=5, 

&H=  1.1,  and  Tc=298K.  The  linear  lines  shows  TEC  systems 
that  satisfies  =0.001  and  0.002.  The  solid  circles  is  the 
optimum  operating  position  for  A  'optl  and  A  opt2. 


Optimum  design  in  thermoelectric  cooling  systems 

In  this  section  we  discuss  optimizing  a  TEC  in  the  TEC 
system  for  the  maximum  COP  by  using  the  contour  graphs, 
when  the  TEC  system  with  a  given  0/  A  operates  under  the 
constant  temperature  difference.  First  we  investigate  how  the 
optimum  TEC  design  are  affected  by  the  heat  load  at  the  cold 
side  of  this  TEC  system.  On  the  contour  graphs  of  the  COP, 
the  TEC  system  that  absorbs  the  constant  heat  load  are  plotted 
by  the  line: 


4c'  = 


Qc 


(8) 


This  line  is  derived  by  eliminating  K(TC)  from  Eqs.(6)  and  (7) 
and  are  shown  as  the  linear  line  as  shown  in  Figs. 2-4.  Two 
linear  lines  in  Fig.2  show  the  TEC  systems  which  satisfy 
=0.001,  0.002.  When  TC=1(W/K)  and  rc=298(K), 
these  lines  mean  that  the  TEC  systems  which  absorb 
<2C=0.447(W),  q.298(W)  respectively  have  the  maximum  COP 
at  ^  opti  and  A  yopt2.  The  optimum  thermal  conductance  of  a 
TEC  (Kopt)  is  determined  from  substituting  A  'opt  and  Lc  into 
Eq.(7).  Furthermore  to  determine  the  design  parameters  of  a 
TEC  we  must  find  the  the  optimum  non-dimensional  current 
which  is  given  from  the  contour  graph  of  j  on  qc  '  and  A 
as  shown  in  Fig.5.  Thus  the  equations  to  determine  the  design 
parameters  of  the  optimized  TEC  are  given  as 


K, 


opt  -  (*  p  +kn 


n, 


191 


=  _cLr+a*__/_/  (101 

°pt  K  p  +  K  N  S 

where  K ,  a ,  /,  and  S  are  thermal  conductivity  at  7c, 


Seebeck  coefficient  at  7c,  length  and  cross-sectional  area  of 
thermoelement  respectively,  n  is  the  number  of  couples,  and  / 
is  the  electrical  current.  Subscripts  p  and  n  designate  p  type 
and  n  type  thermoelement  respectively.  If  one  of  the  three 
parameters,  i.e.  n,  l/S ,  and  I ,  in  Eqs.(9)  and  (10)  is  given,  then 
the  other  two  are  derived  from  solving  these  equations.  Thus 
by  using  the  COP  contour  graphs,  the  procedure  of  optimizing 
a  TEC  in  all  TEC  systems  that  satisfy  the  similarity  condition 
(  ®  CT-  =constant)  can  be  performed  at  the  same  time. 

Second,  we  investigate  the  effects  of  0/  A  on  the  COP 
and  A  '  opt.  The  lines  satisfying  Qc—  =0.002  in  Figs.2-4 
show  the  effect  of  0/A  on  the  maximum  COP  and  the 
optimum  A  '  .  These  figures  shows  that  the  maximum  COP 
strongly  decreases  as  0  /  A  increases.  Furthermore  the 
optimum  A  is  slightly  affected  by  0/  A .  This  means  that 
the  optimum  TEC  is  almost  the  same  even  if  the  thermal 
resistance  of  the  hot  side  heat-exchangers  increases. 

Conclusion 

The  method  determining  the  optimum  TEC  in  a  TEC 
system  has  been  presented  by  using  the  contour  graph  of  the 
COP  of  the  TEC  system  on  non-dimensional  entropy  flow  and 
non-dimensional  thermal  resistance  of  heat-exchangers.  Since 
this  method  are  expressed  by  non-dimensional  quantities,  the 
optimum  design  determined  on  this  contour  graph  is  free  from 
the  terms  such  as  couples,  l/S,  and  so  on.  Further  the  degrading 
effects  caused  by  thermal  resistances  of  heat-exchangers  can 
be  easily  evaluated. 
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Abstract 

The  optimal  control  methods  are  used  in  the  present  work  for  a 
search  of  the  best  function  of  thermoelectric  material 
inhomogeneity.  The  possibility  of  low-temperature  coolers 
coefficient  of  performance  increase  due  to  the  thermoelectric 
material  inhomogeneity  use  has  been  demonstrated. 

Introduction 

The  best  characteristics  of  thermoelectric  modules  securing  is 
caused  by  the  advantages  in  the  thermoelectric  material 
science.  During  last  30-40  years  the  investigators  focussed 
their  efforts  on  the  thermoelectric  material  figure  of  merit  Z 
increase  at  the  expense  of  a  search  of  new  compounds,  new 
alloying  additions,  change  of  their  concentration.  In 
technology  the  best  homogeneity  of  the  material  samples  was 
tried  to  be  achieved.  The  advances  in  the  material  science 
result  in  the  progress  in  thermoelectric  cooling  that  we  have 
today.  However,  in  the  last  ten  years  the  essential  advance  to 
the  increase  of  homogeneous  thermoelectric  materials  figure 
of  merit  was  not  observed.  Therefore  the  reasonable  question 
arises:  how  to  improve  the  efficiency  of  thermoelectric 
conversion?  In  our  works  [1-3]  we  gave  a  number  of  examples 
supported  the  concept  of  the  further  progress  in 
thermoelectricity  change-over  from  homogeneous  to 
functional  gradients,  that  is,  inhomogeneous  materials. 

The  solution  of  the  material  efficient  inhomogeneity  search 
leads  to  the  necessity  of  change-over  to  more  complicated 
optimization  methods,  namely,  the  change-over  from  the 
optimization  by  a  parameter  to  the  optimal  function  search. 
Optimization  by  a  function  is  a  complicated  problem.  In 
thermoelectricity  such  problems  are  solved  with  the  help  of  the 
optimal  control  theory  [2,  4,  5].  The  results  of  such  problem 
solution  to  the  2?/-7e-based  material  optimal  inhomogeneity 
aimed  to  the  maximum  temperature  difference  or  a  cooling 
thermoelement  coefficient  of  performance  achievement  are 
given  in  [1,2].  The  energetic  gain  with  temperature  difference 
increase  for  inhomoogeneous  thermoelements  has  been  shown. 
At  the  same  time  the  optimal  control  theory  showed  itself  as 
the  effective  means  for  stage  coolers  design  [2,6].  Its 
application  allows  to  get  the  best  correlation  of  stages  power. 
Thus,  the  new  optimal  problem  statement  becomes  reasonable. 
It  is  reduced  to  the  search  for  best  functional  inhomogeneity  of 
thermoelectric  material  characteristics  for  multi-stage  Peltier 
coolers. 

The  problem  statement 

The  diagram  for  the  problem  of  optimal  control  by 
thermoelectric  material  inhomogeneity  for  iV-stage  Peltier 


cooler  is  shown  in  Fig.  1.  This  problem  is  formulated 
mathematically  in  the  following  way.  The  object  of  control  is 
an  N-stage  cooler  which  thermoelements  consist  of  n-  and  /?- 
type  legs,  material  properties  of  which  are  changed  with  the 
coordinate  x  because  of  their  dependence  on  temperature  and 
charge  carriers  concentration. 

The  starting  data  for  optimization  include  cooling  performance 
Q0 ,  cooling  temperature  Tc ,  temperature  of  heat  releasing 
surface  Th.  Theoretical  or  experimental  dependencies  of 
thermo-emf  a,  electrical  conduction  s,  thermal  conduction  k  on 
temperature  and  current  carriers  or  doping  impurity 
concentration  are  to  be  specified  as  limitations  for  controls. 
The  availability  of  contact  resistances  r0,  interstage 
temperature  differences  dT  and  heat  exchange  with 
environment  at  heat  exchange  coefficient  aT  are  also  taken  into 
account  in  the  model. 


The  objective  of  the  investigation  is  the  determination  of  best 
functions  for  thermoelectric  material  inhomogeneity 
parameters  and  best  power  function  for  each  stage. 

Thus  the  problem  spans  in  whole  necessary  parameters  for  the 
material,  cooler  and  its  operation  conditions. 
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Fig.l.  A  model  of  iV-stage  thermoelectric  cooler. 


Distribution  of  temperature  T(x)  and  specific  heat  fluxes  q(x) 
in  thermoelement  legs  is  defined  by  the  set  of  4N-differential 
equations  of  the  form 


dT  _ 

_aik  TJk  _ 

dx 

K 

K 

dq_  =  _ 

a2ik  T  +  aik 

dx 

K 

K 

(1) 


Here  &n,p  &n,p(Cnip(x))T),  &n,p  &n,p(C n,p(x)  fT) , 

Kn,p=KntP(Cnp(x)}T);  where  Nn,P(x)  are  the  inhomogeneity 
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functions  of  n-  and  p-type  material.  This  may  be  the  carrier 
concentration  in  a  semiconductor,  doping  impurity 
concentration,  or  other  quantity  that  characterizes 
inhomogeneity  of  thermoelectric  structure  along  the 
thermoelement  leg’s  height. 

The  boundary  conditions  for  these  equations  are  written  as 
temperature  equalities  between  stages  taking  into 
consideration  the  interstage  temperature  losses,  and  have  the 
form 

Tn(Q+)  =  Tp(Q+)  =  Th,  Tn(x-N)  =  Tp(x~N)  =  Tc 

Tn(xk)  =  Tp(xk)>  Tn(xk)  =  Tp(x^),  (2) 

Tn(x+k)  =  Tn{xk)  +  bT, 

the  placement  of  points  xh  k-1 ...  N  is  there  with  unfixed. 

The  conditions  when  the  cooling  performance  has  its 
maximum  value  at  the  predetermined  cooling  amount  are 
necessary  to  determine.  Against  the  optimal  control  theory  this 
problem  is  reduced  to  the  study  of  the  functional  minimum 

J  =  (3) 

k-l 

Specific  heat  fluxes  at  junctions  are  determined  by  the 
expressions 

90  =2  <l(xk)  +  ikfo+~(Th-T(x]c)) 

n,pl  lk 

91  =Zte(**-iH*ro)- 

They  depend  on  the  controlled  parameters  of  currents  density 
xnp  and  the  function  characterizing  the  thermoelectric  material 
inhomogeneity  Cn>p(x). 

The  solution  of  the  stated  problem  is  made  by  the  Pontryagin's 
maximum  principle  [7].  In  accordance  with  this  principle  the 
next  conditions  must  be  fulfilled  for  J  minimum  : 

1.  Current  densities  in  stages  must  satisfy  the  equalities 


dJ  x\  dHk(<?,T,qJkn,ikp) 


^-dx  =  0 


where  the  Hamilton’s  function//  has  the  form 

jy*=Z(<Pi/*+q>2/2*).  (6) 

n,p 

are  right  part  of  expressions  (1),  <p=(<pi,  <P2)n,P  is  the 
pulses  vector  [1]. 

2.  Coordinates  of  points  joint  xk  satisfy  the  equality 

Hk(xk)  =  Hk+l(x+k),k  =  l,...N-\.  (7) 

3.  The  optimal  function  for  the  material  inhomogeneity  must 
satisfy  the  following  condition 

Hlp(y(x),T(x),q(x),C(x)J)  = 

=  max  H^p(<f(x),T(x),q(x),C,j) '  (8> 


The  solution  of  this  problem  was  realized  by  the  numerical 
method  of  successive  approximations.  The  computer  program 
permitting  to  determine  optimal  functions  for  the  material 


inhomogeneous  parameters  and  to  use  them  at  once  for 
determination  of  the  best  power  elaborated. 

Discussion  of  the  results 

The  object  of  the  discussion  is  the  analysis  of  /??-7e-based  the 
thermoelectric  material  of  n-  and  p-t ype  influence  on  the 
energetic  efficiency  of  Peltier  stage  coolers. 
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Fig.  2.  Temperature  dependencies  of  the  5/-7e-based  material 
parameters  for  different  starting  electrical  conductivity  (at 
300 K):  a  -um  b  -  ap  [8] 
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The  elaborated  program  was  used  for  analysis  of  the  coolers 
with  different  stages  number,  providing  cooling  level  up  to 
130  AT  at  7/,=300  K. 

Temperature  dependencies  of  the  material  parameters  for 
different  starting  electrical  conductions  cPn  and  s°p  (at  300  AT) 
shown  in  Fig.2a,  2b  were  used  as  starting  data  for  the  optimal 
functions  search  of  thermoelectric  material  parameters 
distribution  along  thermoelement  legs’  height. 

These  experimental  dependencies  of  form  anp=an>p(aniP°,T); 
o'n,p=<Jn,p( &n,p°>  T) ;  Knp=Kpp(onp  J)  were  approximated  by  the 
method  of  least  roots  by  two-dimensional  polynomials  and 
were  used  in  the  optimal  control  computing  program. 
Functions  snp°(x).  and  parameters  inp  were  assumed  as 
controls  in  the  studied  case. 

As  electrical  conduction  of  semiconductors  is  proportional  to 
charge  carriers  concentration,  and  the  concentration  is  not 
changed  up  to  the  intrinsic  conduction  achievement,  then  these 
functions  of  electrical  conduction  snp°(x)  determined  at  300A^ 
characterize  inhomogeneity  of  thermoelectric  material  of  n- 
and  p- type,  respectively. 

The  results  of  the  optimal  problem  solution  are  given  in  Fig.  3- 
5.  Each  variant  the  material  inhomogeneity  optimal  for  the 
given  temperature  range  and  stage  number  correspond  to  each 
variant  of  the  cooler. 

k-102  a-104  a  lO"2 
W/(cmK)  V/K  Ohm'1  cm'1 

1.8-  2.8-  12 
•  11 

1.6  -  2.6-  10 
9 

1.4-  2.4-  8 

-  7 

1.2-  2.2-  6 

-  5 

1.0  L  2,qL  4 


300  K 


1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

1.0 


Fig.  3.  Optimal  distribution  of  thermoelectric  material 
parameters  a,  o,  k  along  the  legs  height  of  a  thermoelement 
for  a  three-stage  cooler. 


Fig.  3  represents  the  example  of  the  obtained  optimal 
distributions  of  thermoelectric  material  parameters  for  a  three- 
stage  cooler  for  the  level  of  190AT.  The  form  of  these  functions 
is  completely  determined  by  the  material  parameters 
dependence  on  carriers  concentration  and  temperature.  The 
availability  of  homogeneous  regions  near  to  the 
thermoelements  junctions  is  explained  by  the  limitations 
imposed  on  the  control  region  by  the  used  experimental  data 
(Fig.2a,  2b),  namely,  SOOOhm^cnT1  <  sn°  <  1100  Ohm^cm-1, 
600  Ohm^cm'1  <  sp°  <  1200  Ohm^cm'1. 

Fig.  4  illustrates  the  increase  of  maximum  coefficient  of 
performance  with  the  use  of  optimal  inhomogeneous 
thermoelectric  material  in  comparison  with  the  best 
homogeneous  ones  depending  on  temperature  difference  and  a 
cooler  stage  number.  As  Fig.4  suggests  at  the  predetermined 
temperature  difference  the  lesser  the  number  of  the  cooler 
stages  the  larger  the  energetic  gain 

due  to  the  inhomogeneous  material.  For  example,  at  ziTMlOA^ 
the  use  of  inhomogeneous  thermoelements  in  a  two-stage 
battery  permits  to  increase  coefficient  of  performance  by  55%. 
The  reason  is  that  in  the  case  of  small  number  of  stages  for  the 
given  temperature  difference,  some  stages  of  the  battery  (the 
upper  ones  in  particular)  operate  near  to  their  limited 
temperature  differences,  their  coefficient  of  performance  is 
increased  by  1.5-2  due  to  the  material  inhomogeneity  [2]. 
This  results  in  the  considerable  increase  of  the  energetic 
efficiency  of  the  whole  stage  system. 

On  the  other  hand,  the  thermobattery  staging  itself,  that  is, 
total  temperature  difference  distribution  among  separate 
stages,  permits  to  have  the  gain  in  the  consumed  power 
amount  [8].  At  low  temperature  cooling  (200-250  K)  the 
increase  in  stages  number  up  to  some  reasonable  quantity  is 
accompanied  with  sharp  increase  of  the  cooler  energetical 
efficiency.  In  this  connection  the  interesting  is  the  answer  the 
question:  which  of  two  factors  -  the  use  of  inhomogeneous 
material  or  increasing  of  stage  number  has  much  effect  on  the 
coefficient  of  performance  increase.  Fig.  5 
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10  30  50  70  90  110  130  150  170 
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Fig.  4.  Coefficient  of  performance  increase  with  use  of  optimal 
inhomogeneous  material  eF  in  comparison  with  optimal 
homogeneous  material  eQ  for  different  temperature  differences 
on  a  cooler  with  N  stage  number. 
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gives  the  answer.  Here  solid  curves  represent  the  efficiency 
increase  depending  on  TEC  stages  number  with  the  use  of 
inhomogeneous  material.  Dashed  curves  show  the  coefficient 
of  performance  increase  at  the  expense  of  the  given  stages 
number  per  a  unit.  The  results  comparison  allows  to  make  the 
following  conclusion.  If  for  a  given  temperature  difference 


K 


Fig.  5.  Coefficient  of  performance  K  increase  depending  on 
stage  number  N  with  use  of  optimal  inhomogeneous  material 
(solid  curves  K  =  zF/z0)  and  stage  number  per  a  unit 

increase  (dash  curves  K  =  zM/zi  )  for  different  temperature 
differences:  1  -  DT=  100 K;  2  -  AT  =  120 K;  3  -  AT=  140 K\  4  - 
4T=  160^^  =  300*:. 

stages  number  is  far  from  the  reasonable  one,  then  the  increase 
of  their  quantity  is  the  more  powerful  factor  for  the  increase  of 
cooling  energetical  efficiency  in  comparison  with  the  use  of 
inhomogeneous  material.  For  example,  at  AT=  120 K  the  use  of 
four-stage  device  instead  of  three-stage  one  gives  the  gain  in 
43  %,  and  the  use  of  inhomogeneous  thermoelements  in  three- 
stage  structure  permits  to  increase  the  coefficient  of 
performance  only  by  20  %.  If  the  stages  number  is  close  to 
reasonable  one,  then  the  effect  of  the  both  factors  is 
comparable  and  is  5-15  %.  In  this  case  it  is  more  reasonable  to 
increase  the  energetic  efficiency  at  the  expense  of  the  use  of 
inhomogeneous  thermoelectric  legs  because  the  increase  of 
stages  number  undoubtedly  results  in  the  complexity  of  a 
cooler  structure. 

References 

[1]  Anatychuk  L.I.,  Semenjuk  V.A.  Optimal  control  in  the 
thermoelectric  coolers  design.  Eleventh  International 
Conference  on  Thermoelectrics,  Arlington,  Texas,  October 
7-9,1992,  p.120-124. 

[2]  Anatychuk  L.I.,  Semenjuk  V.A.  Optimal  control  by  the 
Thermoelectric  Material  and  Devices  Properties. 
Chemovthy,  Piut,  1992,  264  p. 

[3]  Anatychuk  L.I.,  Vikhor  L.N.,  Kuznetsov  A.V., 
Letiuchenko  S.D.  Functional-Gradient  Materials  for 
Thermoelectric  Energy  Converters,  in  Proceedings  of  the 
XIV  International  Conference  on  Thermoelectrics,  St- 
Petersburg,  Russia,  June  27-30,  1995,  p.7-9 


[4]  Anatychuk  L.I.,  Vikhor  L.N.  Study  on  Cooler  Design  in 
Magnetic  Field  for  Low  Themperature  Cascades,  in 
Proceedings  of  the  Thirteenth  International  Conference  on 
Thermoelectrics,  Cansas,  Aug.,  1994. 

[5]  Anatychuk  L.I.,  Vikhor  L.N.  Optimal  functions  of 
magnetic  field  for  the  Peltier  coolers,  in  Proceedings  of  the 
XIV  International  Conference  on  Thermoelectrics,  St- 
Petersburg,  Russia,  June  27-30,  1995,  p.461-463. 

[6]  Anatychuk  L.I.,  Vikhor  L.N.  Ivanov  G.A.  The  Optimal 
Control  Theory  for  Thermoelectric  Cooler  Design,  in 
Proceedings  of  the  Twelfth  International  Conference  on 
Thermoelectrics,  Japan,  Nov.,  p.412-415. 

[7]  Pontryagin  L.S.,  Boltyansky  V.G.,  Gamkrelidse  R.V., 
Mischenko  E.F.  Mathemical  Theory  of  Optimal  Processes , 
Nauka,  1976,  p.392. 

[8]  Vayner  A.L.  Thermoelectric  Coolers ,  Moscow,  1983, 
p.  1 76. 


226 


15th  International  Conference  on  Thermoelectrics  (1996) 


TEMPERATURE  AND  TIME  DEPENDENT  FINITE-ELEMENT  MODEL  OF  A 

THERMOELECTRIC  COUPLE 


Authors: 

Paul  G.  Lau  and  Richard  J.  Buist 
TE  Technology,  Inc. 

1590  Keane  Drive,  Traverse  City,  Michigan  49686  USA 


Abstract 

The  cooling  performance  of  a  thermoelectric  (TE)  couple  is 
modeled  from  mathematical  differential  equations  via  finite- 
elements  with  the  use  of  a  digital  computer.  The  finite- 
element  model,  which  incorporates  material  property 
dependence  on  time  and  temperature,  is  presented.  TE  couple 
transient  performance  is  investigated  by  applying  an  on-off 
current  wave  form  to  the  model.  Results  from  the  model 
output  are  compared  with  experiment. 

Introduction 

A  closed  form  solution  of  the  complete  differential  equation 
for  the  temperature  distribution  in  a  thermoelectric  (TE) 
pellet  does  not  exist.  This  equation,  of  course,  is  further 
complicated  when  the  transient  of  temperature  with  respect  to 
time  is  included.  Typically,  simplifying  assumptions  are 
made  to  yield  a  closed  form,  albeit,  inaccurate  expression. 
However,  the  inaccuracies  may  be  ameliorated  by  applying 
the  closed-form  expression  to  a  number  of  finite  elements 
which  compose  the  TE  couple. 


Computational  Model 

The  model  was  based  on  a  one  dimensional  equation  given  by 
the  following:  [1] 

SIT-|l!R-K(TH-Tc)  =  Q,  (1) 


This  equation,  combined  with  energy  conservation  principles 
yields  the  following: 


QP 


+  Qr  +  Qk  ~ 


(2) 


where: 

Q(=iT;(Si.,-s,)  <3> 

Q.^i’K.+R-i)  (4) 

QK  =  Kj.I(i;.1-i;)  +  Kj(TH-lj)  (5) 

and: 

Qc  =  net  heat  pumping 
I  ~  current 

S  =  Seebeck  coefficient  (temperature  dependent) 

R  =  resistance  (temperature  dependent) 

K  =  thermal  conductance  (temperature  dependent) 
mCp  =  mass  times  specific  heat  (assumed  constant) 


T  =  nodal  temperature 
t  =  time 
i  =  time  index 
j  =  node  index 

Figure  1  depicts  a  pellet  within  a  TE  module  showing  the 
practical  application  of  this  equation.  [2-4]  However,  in  nodes 
(-1),  (0),  (40)  and  (41),  the  Joule  heat  and  Peltier  heat  of  the 
copper  tab  was  assumed  negligible  compared  with  the  pellet. 
Therefore,  the  model  did  not  include  those  heats  with  respect 
to  the  copper  tab.  The  pellet  itself  was  divided  into  40 
elements.  Each  copper  tab  and  ceramic,  labeled  on  the  top 
and  bottom  of  the  pellet  was  treated  as  a  single  element.  The 
length-to-cross-sectional-area  (L/A)  ratio  was  calculated  from 
the  length  of  the  finite-element  divided  by  the  cross-sectional 
area  of  the  finite-element.  The  cross-sectional  area  of  the 
ceramic  finite-element  was  determined  by  using  the  overall 
cross-sectional  area  of  the  ceramic  for  the  TE  module  divided 
by  the  total  number  of  pellets.  The  cross-sectional  area  of  the 
copper  tab  was  calculated  by  taking  one-half  the  overall  cross- 
sectional  area  of  the  tab.  However,  the  length  of  the  tab 
finite-element  was  composed  of  the  thickness  of  the  tab  plus 
the  thickness  of  the  solder.  The  effective  thermal 
conductivity  of  the  tab  finite-element  was  derived  from 
combining  the  actual  thermal  conductances  of  the  copper  tab 
and  solder. 

There  were  two  cases  for  which  experimental  results  could  be 
readily  obtained:  1)  testing  of  a  suspended  TE  module  and  2) 
testing  of  a  heat-sunk  TE  module.  The  test  configurations  for 
the  suspended  and  heat  sunk  cases  are  shown  in  Figures  2 
and  3,  respectively.  Referring  back  to  Figure  1,  the  heat  sink 
and  interface  medium  did  not  apply  to  the  suspended-module 
configuration.  However,  they  were,  of  course,  applied  to  the 
heat-sunk  configuration.  The  model  treated  the  heat  sink  as  a 
node  at  constant  temperature.  The  interface  medium  in  the 
test  was  a  thin  film  of  water.  It  was  treated  in  the  model  as 
an  additional  thermal  conductance.  The  cross-sectional  area 
of  the  interface  was  equivalent  to  the  ceramic  finite-element 
cross-sectional  area.  The  thickness  of  the  interface  used  in 
the  model  was  25.4  pm. 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


227 


15th  International  Conference  on  Thermoelectrics  (1996) 


FINITE-ELEMENT  DIAGRAM 


NODE  DIAGRAM 


Fig.  1.  Thermal  Model  Used  for  Transient  Calculations 
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The  material  properties  of  the  TE  material  were  obtained  by 
directly  measuring  the  AC-resistance,  the  TE  figure-of-merit 
and  the  pellet  geometric  dimensions.  Proprietary  algorithms 
in  the  test  software  provided  predictions  of  the  temperature- 
dependent  properties  for  the  Seebeck  coefficient,  thermal 
conductivity  and  electrical  resistivity.  [5]  Table  1  shows  the 
results  of  testing  six  times,  for  each  configuration,  the  TE 
module’s  figure-of-merit,  Z,  and  electrical  resistivity,  along 
with  the  projected  Seebeck  coefficient  and  thermal 
conductivity.  The  highlighted  results  for  the  two 
configurations  were  the  bases  for  the  temperature-dependent- 
TE  properties  used  in  the  model.  Other  relevant  material 
properties  used  in  the  model  are  given  in  Table  2.  However, 
the  properties  listed  in  Table  2  were  kept  constant  in  the 
model.  Also,  all  TE  material  properties  were  based  on  an  N 
and  P  type  average.  [6] 


Table  1 

Tested  Properties  Of  A  71  Couple  Module 
Pellet  Dimensions=1.37mm  x  1.37mm  x  3.00mm 


Temp 

(°C) 

Seebeck 

0iV/K) 

Electrical 

Resistivity 

(ul>cm) 

Thermal 

Conductivity 

(mW/cm/K) 

Z 

(1000/K) 

Suspended 

22.99 

203.6 

1077.4 

16.69 

2.306 

Suspended 

23.02 

203.7 

1078.2 

16.70 

2.304 

Suspended 

23.02 

203.6 

1076.2 

16.65 

2.314 

Suspended 

23.06 

203.8 

1078.4 

16.67 

2.309 

Suspended 

23.10 

203.6 

1078.0 

16.74 

2.298 

Suspended 

23.12 

:  203.8: 

1079.3 

16.69 

2.305 

Heat  Sunk 

23.34 

203.8 

1080.8 

16.76 

2.292 

Heat  Sunk 

23.35 

203.7 

1080.2 

16.78 

2.290 

Heat  Sunk 

23.36 

203.7 

1081.9 

16.86 

2.274 

Heat  Sunk 

23.39 

203.8 

1081.0 

16.75 

2.293 

Heat  Sunk 

23.42 

203.6 

1079.8 

16.79 

2.287 

[Heat 

Sunk 

23.44 

203.7 

1080;2:: 

;  16.80 

2.287 

Table  2 

Material  Property  Table 


Material 

Density 

g/cm3 

Specific  Heat 
Capacity 
mJ/g/K 

Thermal 

Conductivity 

mW/cm/K 

TE  Material 

7.175 

178.5 

See  Table  1 

Ceramics 

3.7 

775 

346 

Copper  Tab 

8.91 

385.2 

4000 

Solder 

8.56 

167 

326.5 

Water 

1000 

4.18 

5.89 

Experimental  Results  v 

The  suspended  module  configuration,  shown  in  Figure  2,  was 
tested  with  a  current  of  0.0885A,  which  was  approximately 
3%  of  Imax.  This  same  test  current  was  also  used  for  testing 
the  heat-sunk  configuration.  A  small  test  current  was  used  so 
that  the  temperature  of  the  heat  sink  did  not  measurably 
change.  The  same  TE  module  was  used  in  all  tests.  All  tests 
were  performed  using  a  model  TS-205  computer  automated 
test  system  supplied  by  TE  Technology,  Inc.  Figure  4  shows 
the  test  results  and  model  results  for  both  test  configurations. 

Once  a  steady-state  voltage  had  been  established,  the  current 
was  immediately  set  to  zero  and  the  decay  voltage  was 
measured.  Figure  5  shows  the  test  results  and  model  results 
for  both  test  configurations. 
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Fig  4.  Transient  Response  of  Voltage.  Power  on. 
(Current  =  0.0885  A) 


Fig.  5,  Transient  Response  of  Voltage.  Power  off.  (Initially 
at  steady  state,  Current  =  0  A) 


Figure  6  displays  the  model  results  of  suspended  module  for 
temperature  profiles  at  given  time  steps  for  the  applied  test 
current.  Figure  7  shows  how  each  nodal  temperature  varied 
with  respect  to  time.  Figures  8  and  9  are  similar  to  Figures  6 
and  7,  respectively,  except  are  for  the  power-off  condition. 

In  Figures  4  and  5,  the  graphs  show  very  little  change  in  the 
voltage  after  about  30  seconds  for  the  suspended  module. 
This  quasi-steady-state  condition  corresponds  to  the  several 
parallel  lines  graphed  in  Figure  6.  That  is,  as  time  increased 
beyond  30  seconds,  the  temperature-profile  shape  remained 
constant.  As  Figure  7  shows,  the  rate  of  increase  in 
temperature  of  each  node  was  constant  after  about  30 
seconds.  This  corresponded  to  a  constant  temperature 
difference  across  the  TE  module  which  corresponded  to  a 
steady-state  voltage. 
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Temperature  (K)  §  (j5*  Temperature  (K) 


Fig.  9.  Nodal  Temperatures  for  suspended  Module.  Power 
off.  (Initially  at  steady  state,  Current  =  0  A) 


Figure  10  displays  the  model  results  of  the  heat-sunk  module 
temperature  profiles  at  given  time  steps  for  the  applied  test 
current.  Figure  11  shows  how  the  nodal  temperatures  varied 
with  respect  to  time.  Figures  12  and  13  are  similar  to  Figures 
10  and  1 1  except  are  for  the  power-off  condition. 
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Fig.  10.  Temperature  Profiles  for  Heat  Sunk  Module. 
Power  on.  (Current  =  0.0885  A) 
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Figure  14  shows  how  the  “time  constant”,  tau,  varied  with 
respect  to  time.  This  time  constant  is  based  on  the  equation: 

V=V„+(v0-V„)exp(-X:)  (6) 

which  is  normally  applicable  to  resistance-capacitance 
electrical  circuits.  Of  course,  a  time  constant  for  a  suspended 
module  has  no  practical  use.  However,  for  the  heat-sunk 
configuration,  it  was  evident  that  a  true  time  constant  based 
on  equation  (6)  did  not  exist. 

Conclusions 

The  model  correlated  well  with  the  test  results.  However, 
some  refinements  could  be  made  to  improve  the  model.  The 
model  used  N  and  P-type  averaged  material  properties. 
Therefore,  some  error  was  introduced  by  this  averaging. 
Also,  the  actual  TE  pellet  dimensions  varied  from  one  pellet 
to  the  next.  The  model  used  average  pellet  dimensions,  so 
more  error  was  introduced.  Nonetheless,  the  finite-element 
model  captures  the  fast,  transient  response  of  TE  modules  to 
an  applied  current. 

This  capability  is  especially  important  when  the  results 
presented  in  Figure  14  are  considered.  The  use  of  a  simple, 
time-constant  analysis  to  characterize  the  transient  response 
of  a  heat-sunk  module  would  be  inaccurate,  especially  in  the 
first  moments  of  applied  current.  However,  the  finite-element 
model  is  very  accurate  in  the  first  moments  of  applied 
current. 
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Abstract 

This  paper  is  an  introduction  and  theoretical  investigation  of 
the  fast-transient  cooling  characteristics  of  a  TE  module 
under  applied  high-current  electrical  pulses.  A  temperature- 
dependent,  finite  element  model  was  developed  to  accurately 
model  the  fast-transient  performance.  Analysis  of 
experimental  data  is  presented  to  verify  the  accuracy  and 
validity  of  the  model  and  the  conclusions  derived  therefrom. 
It  has  been  shown  that  cold  plate  temperatures  are  achievable 
from  a  typical  TE  module  beyond  that  obtainable  by 
conventional,  steady-state  means. 

The  cooling  enhancement  is  by  virtue  of  the  fact  that  Peltier 
cooling  is  a  surface  effect  and  extremely  concentrated  at  the 
cold  junction,  whereas.  Joule  heating  is  a  volume  effect  and  is 
distributed  throughout  the  volume  of  the  TE  pellet.  As  such, 
most  of  the  Joule  heat  takes  a  longer  time  to  reach  the  cold 
plate  than  the  Peltier  cooling  effect.  This  phenomenon  is 
theoretically  demonstrated  by  applying  a  high-current  pulse 
after  the  minimum  steady-state  cold  plate  temperature  has 
been  established.  Calculations  have  shown  that  cold  plate 
temperatures  can  be  reduced  by  16  K  below  that  via  steady- 
state  means. 

These  transient  enhancements  are  admittedly  short-lived  and 
have  limited  effectiveness.  However,  the  results  presented 
herein  suggest  that  further  exploitation  of  the  fundamental 
differences  between  Peltier  and  Joule  heat  are  possible.  A 
concept  is  re-introduced  which  consists  of  thermally  and 
electrically  separating  the  cold  electrode  from  the  TE  pellet. 
This  pulse  cooling  concept  was  originally  conceived  over  30 
years  ago  by  Reich[l]  at  the  Borg- Warner  Research  Center. 

Introduction 

Dr.  Allen  Reich[l]  did  a  lot  of  pioneering  work  in  the  field  of 
thermoelectric  cooling  analysis  in  the  early  1960’s.  He  may 
have  been  the  first  to  recognize  the  potential  for  pulse-TE 
cooling  by  capitalizing  on  the  fundamental  differences 
between  Peltier  and  Joule  heat.  Unfortunately,  however,  he 
preceded  the  age  of  high-speed  personal  computers  and  the 
accompanying  analytical  technologies  which  now  provide  the 
means  for  detailing  the  many  complicated  intricacies  of 
nature.  He  had  to  rely  on  key,  clever  simplifying  assumptions 
and  solutions  of  difficult  and  complex  differential  equations 
in  order  to  gain  an  analytical  glimpse  into  the  physics  of 
thermoelectric  semiconductors.  Nevertheless,  his  work 
suggested  the  possibility  of  significant  net  cooling  by 
thermoelectric  pulsing  in  order  to  segregate  the  localized 
Peltier  cooling  from  bulk  Joule  heating. 


Therefore,  the  work  presented  herein  is  essentially 
computerized  numerical  update  of  a  dormant,  but  not 
necessarily  fruitless,  idea.  On  the  other  hand,  this  paper  is 
only  a  precursor  to  the  real  potential  for  pulse-TE  cooling  but 
clearly  and  rigorously  re-establishes  the  existence  of  the 
potentials  of  enhanced  TE  cooling  via  pulsing. 

Thermal  Model 

The  key  to  understanding  and  accurately  characterizing  the 
fast-transient  properties  of  a  TE  module  is  the  development  of 
a  thermal  model  which  incorporates  as  much  of  the  real- 
world  technical  details  as  possible.  The  starting  point  was  the 
finite-element,  steady-state  thermal  model  for  TE  pellets  by 
Buist [2].  This  model  employed  the  speed  and  power  of  a 
high-speed  personal  computer  to  take  advantage  of  simplicity 
but  accuracy  and  rigor  of  a  finite  element  thermal  model.  By 
making  each  finite  element  small  enough,  they  were 
accurately  quantified  using  the  familiar  constant  parameter 
theoiy.  Of  course,  however,  the  ultimate  precision  of  this 
model  was  a  consequence  of  accurately  testing  the  key  kinetic 
thermoelectric  material  parameters.  For  that  model,  the 
temperature-dependent  TE  material  parameters  were 
measured  using  the  test  system  as  described  by  Buist[3]. 

The  transient  model  is  very  similar  but  included  the  added 
dimension  of  time  dependence.  Thermal  nodes  were 
generated  for  each  finite  element.  The  interactions  between 
them  were  derived  from  the  steady-state  model.  The  details 
of  the  transient  model  was  presented  by  Lau  and  Buist[4] 
together  with  a  thorough  analysis  of  its  features  and 
attributes.  A  summary  of  the  key  elements  of  this  thermal 
model  is  given  in  Table  1 : 


Table  1 


Node 

Description 

42 

Cold  Ceramic  Substrate 

41 

Cold  Copper  Tabs 

40 

Top  "Half-Slice"  of  TE  Pellet 

1-39 

Imaginaty  "Slices"  of  TE  Pellet  from 
Bottom  to  Top 

0 

Bottom  "Half-Slice"  of  TE  Pellet 

-1 

Hot  Copper  Tabs 

-2 

Hot  Ceramic  Substrate 

-3 

Infinite  Heat  Sink 

Physically,  the  configuration  of  system  is  shown  in  Figure  1. 
A  typical  TE  module  was  thermally  bonded  to  a  large 
aluminum  block  which  served  as  an  infinite  heat  sink  for  the 
low  current  testing  used  to  verify  and  validate  the  fast 
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transient  characteristics  of  this  system.  This  same  module 
was  not  only  used  for  transient  testing  but  was  also  tested  for 
its  TE  material  properties:  Seebeck  coefficient,  electrical 
resistivity,  thermal  conductivity  and  figure  of  merit,  Z.  These 
parameters  were  incorporated  into  the  transient  model. 


Model  Verification  Testing 

Some  initial  testing  at  3%  of  Imax  was  performed  on  the  TE 
module  as  shown  in  Figure  1.  This  was  performed  by  the 
same  high-resolution,  high-speed,  integrating  A/D  board  used 
in  the  test  system[3].  However,  it  was  set  up  to  rapidly  test 
and  retest  the  voltage  across  the  TE  module  upon  the 
application  of  an  applied  current.  These  data  are  shown  in 
Figures  2  and  3  together  with  the  calculations  produced  but 
the  transient  model.  Figure  2  clearly  establishes  the  long¬ 
term  accuracy  of  the  model  by  the  excellent  closure 
throughout  the  entire  cool-down  process. 


Figure  3  was  generated  to  examine  the  accuracy  of  the  fast- 
transient  characteristics  of  the  transient  model.  For  this  case, 
the  module  voltage  was  calculated  for  the  same  times  as  the 
test  data.  As  observed,  the  calculations  agreed  with  the  test 


data  to  within  0.5%.  This  closure  is  very  good,  especially 
since  the  actual  time  for  the  test  points  with  respect  to  the  true 
power-on  instant  was  not  exactly  known.  It  could  be  off  by  as 
much  as  0.05  seconds.  In  any  case,  the  shape  of  the 
calculated  curve  closely  matches  that  of  the  test  data  thereby 
validating  the  transient  model  for  the  calculations  presented. 


Elapsed  Time  (Seconds) 
Fig.  3  Initial  power-on  to  TE  module 


Calculations  for  Imax 

The  first  step  in  establishing  the  feasibility  for  enhancement 
via  pulsing  was  to  calculate  the  performance  of  the  TE 
module  at  Imax.  Imax  is  defined  as  the  current  which 
produces  maximum  hot-to-cold  temperature  differential 
(delta-T),  holding  the  hot  junction  to  a  constant  297K. 

The  calculated  temperature  for  each  node  (as  defined  in  Table 
1)  at  selected  instants  of  time  are  shown  in  Figures  4-6. 
Figure  4  depicts  the  temperature  profiles  at  10  time  steps  of  5 
milliseconds  each. 


jTime  (Sec) 

—  0.000 

—  0.005 

—  0.010 

—  0.015 

—  0.020 

—  0.025 

—  0.030 

—  0.035 

—  0.040 

—  0.045 

—  0.050 

Node 

Fig.  4  Temperature  profiles  during  first  50  mill-seconds  of 
cool-down.  Current  =  Imam 


It  is  evident  that  the  main  body  of  the  TE  pellets  is  heated 
(even  the  hot  junctions  adjacent  to  the  "infinite"  heat  sink) 
but  the  Peltier  cooling  is  clearly  overcoming  Joule  heat  at  the 
localized  area  near  the  cold  junction.  It  is  also  clear  that  the 
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delta-T  between  the  main  body  of  the  TE  pellet  and  the  cold 
junction  interface  is  considerably  larger  than  that  between  the 
heat  sink  and  the  cold  ceramic  plate.  This  was  intuitively 
obvious  but  the  cool-down  speed  of  the  cold  ceramic  plate  was 
slower  than  anticipated.  However,  it  did  close  quite  well  with 
experiment  as  illustrated  in  Figure  2. 

Figure  5  illustrates  the  profiles  over  a  longer  time  period  (one 
second).  It  is  observed  that  the  Peltier  cooling  had  greater 
and  greater  impact  on  the  TE  pellet  even  though  Joule 
heating  had  significantly  heated  the  main  body  of  the  TE 
pellet  16K  above  the  heat  sink  temperature.  It  was  also 
interesting  to  note  that  the  TE  pellet  cold  junction  +  copper 
tab  +  ceramic  nodes  rapidly  approached  a  near-isotherm. 


Time(Sec) 

-  0.000 

—  0.094 

—  0.187 

—  0.281 

—  0.374 

—  0.468 

—  0.561 

—  0.655 

—  0.795 

—  0.889 

—  0.983 

—  1.076 

1 

Node 

Fig.  5  Temperature  profiles  during  first  second 
Current  =  Imax 


The  long-term  temperature  profiles,  including  the  final 
steady-state  temperature  profile  (96.28  seconds)  are  shown  in 
Figure  6.  Note  that  maximum  heating  in  the  TE  pellet  occurs 
in  approximately  2.4  seconds.  However,  Peltier  cooling 
eventually  overcomes  all  but  the  nodes  very  close  to  the  hot 
junction.  It  is  also  interesting  to  note  that  the  TE  pellet  hot 
junction  runs  2-3K  warmer  than  the  heat  sink.  This  fact,  of 
course,  must  be  accounted  for  in  order  to  accurately  model  TE 
module  performance.  Finally,  the  accuracy  of  the  model  is 


further  verified  by  the  observed  60K  delta-Tmax  that  one 
would  expect  for  a  TE  module  operated  in  dry  nitrogen  from 
a  297K  heat  sink.  The  cold  side  temperature  of  237K 
represents  the  lowest  possible  temperature  for  steady-state 
operation  representing  the  baseline  temperature  from  which 
pulsing  enhancements  were  measured. 

High-Current  Pulse  Cooling 

Starting  from  the  maximum  steady-state  cooling  condition 
(the  curve  labeled  96.28),  the  current  was  stepped  upward 
from  Imax=3  amps  in  accordance  with  that  shown  in  Figure 
7.  Obviously,  if  one  waited  until  stabilization,  the  cold 
junction  would  be  warmer  than  the  "baseline"  temperature. 
However,  for  the  first  few  lOths  of  a  second,  the  cold  junction 


This  fact  is  illustrated  by  the  profile  data  shown  in  Figure  8 
and  the  lower  curve  shown  in  Figure  9.  Once  the  delta-T 
enhancement  began  to  maximize  (and  fall  off  if  left  in  that 
condition),  the  current  was  stepped  up  to  5  amps.  This 
process  was  continued  by  sequentially  increasing  current 
whenever  each  enhancement  appeared  to  maximize. 
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Clearly,  from  Figure  8,  the  main  body  of  the  TE  pellet  heats 
up  but  the  cold  side  gets  colder  with  each  current  step.  This 
process  was  repeated,  but  this  time,  neglecting  the  mass  of  the 
tab  and  ceramic.  This  case  yielded  a  16K  enhancement  over 
delta-Tmax.  See  Figure  9. 


A  finite  element  thermal  model  for  accurately  calculating  the 
fast  transient  performance  of  a  TE  module  has  been 
developed.  It  was  used  to  examine  some  possibilities  for 
cooling  enhancement  via  pulsing  as  suggested  over  35  years 
ago.  It  was  concluded  that,  indeed,  enhancement  is 
achievable  but  it  is  of  such  short  duration  it  would  have  very 
limited  application.  Nevertheless,  if  a  low-temperature  infra¬ 
red  "snapshot”  is  ever  needed,  this  technique  could  be  used  to 
boost  the  cooling  possibly  more  than  15K.  Actually,  no 
attempt  was  made  to  optimize  the  high  current  pulse 
waveform.  Therefore,  it  may  be  possible  to  achieve  even 
higher  delta-T  enhancements  that  the  calculated  16K  case 
produced  quite  arbitrarily.  Finally,  the  model  used  for  these 
calculations  can  be  applied  to  the  pulse  cooling  concept 
originally  conceived  by  Reich[l].  A  possible  configuration  is 
shown  in  Figure  10. 

Initially,  the  removable  cold  tab  is  thermally  and  electrically 
in  contact  with  the  N  and  P  TE  pellets.  This  not  only 
completes  the  electrical  circuit  but  also  makes  thermal  contact 
with  the  TE  pellet  cold  junctions.  Now,  a  larger-than-Imax 
current  is  applied  and  the  tab  is  momentarily  cooled  as 
described  above.  However,  instead  of  ever-increasing  the 
current,  the  cooled  tab  is  removed  and  isolated  (see  lower 
sketch  of  Figure  10).  While  it  "thermally  coasts",  the  excess 
heat  build-up  in  the  TE  pellets  is  conducted  into  the  heat  sink 
and  dissipated.  As  soon  as  the  TE  pellet  is  thermally 
stabilized,  the  process  can  be  repeated  and  the  electrode 
receives  another  cooling  "pulse”.  This  is  just  a  concept  at  this 
time  but  the  means  for  studying  this  possibility  has  now  been 
established. 
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Abstract 

Temperature  distribution  of  thermoelectric  device 
composed  of  Cu4SnS4  compound  in  two-dimension  are 
evaluated  by  boundary  element  method  (BEM).  It  is  found 
that  temperature  distribution  is  strongly  dependent  on  the 
length  of  thermoelectric  device:  temperature  distribution 
shows  very  strong  dependence  of  the  direction  of  length  of 
device  when  the  length  of  device  is  very  thin.  In  the  case  of 
small  electric  current  density  such  as  -lA/cm2,  temperature 
distribution  can  be  approximately  expressed  as  the  solution  of 
Laplace  equation. 


Eq.(2)  is  ,  in  the  two-dimension,  written  down  as  below, 

[  ( dldxf  +  {dldyf  +  a  dldx  +  ft  d/dy]  T  +  y  ~  0  (3) 

where  a  -  -  tJx/k  -  -  zJy/K  and  y=  {Jx2+Jy2  )  /(a  k) 
because  of  J  =  (Jx  ,  Jy  ).  Eq.(3)  is  found  to  belong  to  the 
second  order  elliptic  partial  differential  equation. 

Next  we  introduce  operator  £+  and  /  as  defined  below, 

£  =  {dldxf  +  {dldyf  +  a  dldx  +  ft  d/dy  (4) 


Introduction 

Thermoelectric  devices  composed  of  intermetallic 
compound  such  as  p-FeSi2llH31,  Cu4SnS4  [41seem  to  have  great 
potential  in  generating  electric  power;  especially  Cu4SnS4 
compound  seems  to  be  excellent  material  to  change  heat  into 
electric  energy  because  of  high  Seebeck  coefficient 
(  -  0.5mV/K)[4]  and  the  figure  of  merit  Z^xlO^/K)  at  300K. 
Such  a  great  potential  as  stated  above  is  supposed  to  be  due  to 
Cu+  carrierf5]. 

Consequently  it  seems  very  important  to  evaluate 
temperature  distribution  in  thermoelectric  device  for  the 
purpose  of  running  device  effectively.  However  those 
calculations  in  two-  or  three  dimension  by  BEM  has  not  been 
reported  and  discussed.  Certainly  it  is  also  possible  to 
evaluate  temperature  in  device  analytically  by  Green  function  ; 
however  green  function  method  can  only  applied  to  the  shape 
with  high  symmetry  such  as  cubic  or  rectangle  and  with 
specific  boundary  condition.  Accordingly,  in  analyzing 
various  shapes  of  device  with  various  boundary  conditions,  it 
is  desirable  to  analyze  by  BEM.  In  this  article  we  calculate 
temperature  distribution  in  rectangle  shape  of  device(two 
dimension  shape )  by  using  BEM,  assuming  linearity. 

Calculation  Method 

The  partial  differential  equation  on  steady-state 
temperature  distribution  for  thermoelectric  device  is  given 
as  follows: 


I  =  JJQ  [  £+  T+y]WdS 


(5) 


where  W  in  eq.(5)  is  weighting  function  and  Q  means  all 
domains  to  be  calculated(  dS^dxdy  ).  From  the  view  point  of 
weighted  method,  1  as  defined  in  eq.(4)  is  zero  ;  I  can  be 
expanded  by  using  Green’s  theorem, 

/  =  JJq  T(£-  W)dS  +  jw dT/dn  ds  -fTdWIdn  ds 

+  o:JjV  Tnx  ds  '■  fj  j '  W  Tnyds  +  y  ^jWdS  =0  (6) 

and  ds  =  ^(dx)2  +(dy)2 
Ineq.(6),  operator  £‘ is 

£ '  =  {dldxf  +  {dldyf  -  a  dldx  -  /?  d/dy  (7) 


means  the  integral  along  curve  C,  where  Curve  C  is 


the  boundary  for  domain  Q.  nx  and  ny  are  x  and  y  component 
of  normal  vector  outside  to  curve  C,  respectively.  Then, 
yielding  to  usual  procedures  as  performed  in  BEM,  we 
introduce  the  green  function  G°°  (  r  ,  r0  )  (i.e.  fundamental 
solution)  as  defined  in  eq.(8) 


£  G°°  (  r ,  r0 )  =  -  5(  r  -  r0  ) 


(8) 


V«0cV  T-vJ*J/o  =  0 


0)  From  eq.(8) ,  green  function  G°°{  r ,  r0 )  is  deduced  by 


where  k,t  and  a  are  thermal  conductivity, Thomson 
coefficient  and  electric  conductivity  ,  respectively.  J  is 
current  density. 

For  simplifying  the  eq.(l),  we  consider  the  case  of 
k,t  and  a  having  no  temperature  dependence.  Then  eq.(l)  is 

V2T  -  (t/k)J T  +  J •  J/(a ic)  =  0  (2) 


G°°  (  r ,  r0  )  = 


4  n1 


{  j  d&n 


Qxp(ix^  +  iyr/) 

< f  +t]2  +ia^+ij3rj 


=  -kexp(A.(r-r0)/2)Ko(|A 

2  n 


r  -  r0 1  /  2  ) 
(9) 
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where  A  =  (a  ,J3  )  and  Kq  is  modified  Bessel  function  of 
second  kind.  Therefore,  based  on  the  eq.(9),  we  can  evaluate 
temperature  distribution  T  by  yielding  to  the  procedures  as 
usually  done  in  BEM. 

Next ,  let  consider  the  temperature  distribution  for 
very  thin  thermoelectric  device  ,  both  ends  of  which  are 
contacted  with  hot  and  cold  junctions  with  temperature  of 
both  ends  being  fixed.  We  assume  that  temperature  difference 
along  2  axis  can  be  negligible  in  the  case  of  very  thin 
thickness.  Figure  1  shows  the  schematic  illustration  of 
thermoelectric  device  whose  ends  are  contacted  with  hot  and 
cold  junctions. 

we  consider  the  case  of  boundary  temperature  being 
known  ( Dirichlet  Problem)  such  as  shown  in  Fig.  1 , namely 

0<*<i,  *  =  °  T  =  f(x) 

y  =  Ly 

x  —  0  0  <y<Ly  T  =  TL 

x=Lx  0  <y<Ly  T=TH  (10) 

In  calculating  temperature,  we  set  f(x)  to  TL+  x(Th-Tl)/Lx 

Experimental  Procedure  and  Calculation  Results 

Cu4SnS4  compounds  are  prepared  from  oxygen-free 
copper(99.99%),pure  tin(99.99%)  and  sulfur(99%).  Specimen 
composed  of  Cu,  Sn  and  S  in  quartz  tube  with  the  order  of 
about  10-4  torr  was  at  first  heated  up  to  373K  for  the 
purpose  of  melting  sulfur.  After  complete  solution  of  sulfur, 
the  specimen  was  heated  up  to  1473K  very  slowly  so  as  to 
prevent  explosion  and  then  cooled  to  room  temperature  with 
very  slow  rate  after  complete  formation  of  Cu4SnS4  phase. 
The  specimen  obtained  by  above  procedures  was  powdered 
and  pressed  with  the  pressure  of  2xl03  kg/cm2  for  15  minutes 
at  room  temperature.  After  sintering  treatment,  the  specimen 
was  shaped  into  rectangle  with  the  length  in  about  10mm 
, width  in  2  to  3  mm  and  thickness  in  about  1  mm  for  the 
purpose  of  measuring  electric  resistance  ,  thermoelectomotive 
force  and  thermal  conductivity. 

The  measurement  of  electric  resistance  was  carried 
out  at  temperature  range  of  room  temperature  to  573K.  In 
measuring  thermoelectromotive  force  ,  the  specimen  was  ,  as 
illustrated  in  Fig.l,  held  between  cold  and  hot  junction  with 
temperature  of  cold  junction  remaining  room  temperature 
(about  296K  to  300K)  . 

Figure  2  shows  temperature  dependence  of  electric 
resistivity  p  for  sintered  Cu4SnS4  sample  in  the  temperature 
range  of  283K  to  573K.  Electric  resistivity  decrease  with 
temperature  ,  thus  indicating  semiconductive  property. 

Figure  3  shows  temperature  dependence  of  Seebeck 
coefficient  S  for  sintered  Cu4SnS4  sample  in  the  temperature 
range  of  295K  to  601K  .  As  illustrated  in  Fig. 3, the  change  of 
Seebeck  coefficient  with  the  range  of  0.25mV/K  to  0.4mV/K 
seems  to  be  very  small  in  comparison  with  that  of  electric 
resistivity.  The  carrier  of  sample  is  found  to  be  hole  because  of 
positive  Seebeck  coefficient;  hence  electric  current  flows  high 


Current 


Fig.l  Schematic  illustration  of  the  two-dimension 
thermoelectric  device  connecting  with  high  and 
low  temperture  side,  where  TH  and  TL  are 
temperatures  for  high  and  low  temperature  sides, 
respectively.  Lx  and  Ly  are  the  length  of  x  and  y 
direction  for  device. 

temperature  side  to  low  one,  which  means  direction  of  electric 
current  is  negative. 

In  actual  calculation,  we  fix  Ly  at  1cm  and  TH  and 
Tl  are  283K  and  5 83 Irrespectively  and  Jy=0.  As  described 
previously,  we  regard  thermal  conductivity  k  ,  Thomson 
coefficient  r  and  electrical  conductivity  a  (-1/p  )  as 
temperature  independence,  namely  , constant  ;  we  substitute 


averaged  values  <  k  >  ,  <  r  >  and  <  p  >  as 
eq.(ll)-(13)  into  k  ,  rand  1/cr  in  eq.(3). 

defined  in 

<*->  =  fV(7V77(  Th  -  rL  ) 

jtl 

(ID 

<t>  =  f"  T(T)dT/(  T„-Tl  ) 

(12) 

l 

1 

c 

1 

II 

A 

V 

(13) 

<  p  >  =0.032  Q  cm  and  <  r  >  =  0.26  mV/K  are  derived 
numerically  from  eq.(12)-(13).  We  also  adopt  <  k  >  for 
sintered  Cu4SnS4  specimen  as  0.0063W/(cm-K)  from  the 
measurement  of  Laser  Flash  method,  instead  of  eq.(l  1). 
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Adopted  value  is  about  two  times  as  large  as  the  reported 
one  ( 0.003W/(cm-K)  )(6H7). 

Figure  4(a)(b)  and  (c)  show  temperature  distribution 
for  Cu4SnS4  thermoelectric  device  in  the  case  of  Jx  = 
-10A/cm2  .  As  shown  in  Fig. 4,  temperature  distribution  tend 
to  be  dependent  upon  only  x  with  decrease  in  Lx;  Especially 
when  Lx=0. 1cm,  temperature  distribution  can  be  expressed  as 
a  function  of  x  with  showing  little  dependence  of  y 
direction. 

Figure  5  (a)  and  (b)  shows  temperature  distribution 
when  Lx=l  cm  and  Jx  =  -1  A/cm2  together  with  temperature 
distribution  obtained  by  solving  Laplace  equation  under  the 
same  boundary  condition.  As  illustrated  in  the  figures,  there 
seems  almost  no  difference  between  both  results  ;  in  the  case 
of  very  small  electric  current  density,  solution  for  Laplace 
equation  approximately  expresses  temperature  distribution  for 
thermoelectric  device,  instead  of  solving  eq.(3). 

Comparison  with  the  results  by  Green  function 

It  seems  very  essential  to  verify  the  solution  by  BEM; 
we  try  to  compare  the  results  by  BEM  with  those  by  Green 
function.  As  stated  previously,  in  the  case  of  the  specific 
shape  of  thermoelectric  device  with  high  symmetry  such  as 
cubic  or  rectangle  and  specific  boundary  condition,  then  it  is 
possible  to  apply  Green  function  to  the  solving  of  temperature 
distribution.;  thus  we  can  evaluate  temperature  distribution 
analytically. 

At  first  we  introduce  dimensionless  parameter  x*  ,  y* 
and  7*  as  shown  in  eq.(14)  for  the  purpose  of  making  the 
eq.(3)  dimensionless 

X*  =  x/L}„  y*= y/Ly,  T*=y  (14) 

H  L 

Therefore  eq.(3)  is  transformed  into , 

[  (< 3/dx *f  +  (d/dy*f  +a*  d/dx*+p*  d/dy *]  T*  +  y*  =  0 

(15) 


where  a *  =aLy ,  p*  =  pLy  and  y  *  =  Ly  2  y  /(  TH  -  Ti). 
Then  let  introduce  cp  which  is  associated  with  T*  as  below. 


a*x*+fi*y* 

T*  =  exp( - - - )(p 


(16) 


By  substituting  eq. (16)  into  eq.(15),  <p  yields 


[  (d/dx*f  +  (d/dy*f  _(a*)  +(l*)  ]  (p  + 

4 

a*  x*  +P*  y* 

y*  exp - il—JL —  =o 


(17) 


T(K) 


Fig.2  Electric  resistivity  for  Cu4SnS4 
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Fig.3  Temperature  dipenence  of  Seebeck  Coefficient  S 
for  Cu4SnS4 


Eq.(17)  is  found  to  be  ascribed  to  Helmholtz  type  partial 
equation;  accordingly,  based  on  the  eq.(17),  we  can  easily 
define  green  function  G(r,  r0)  as  below  , 


(a*)2  +  (B*V 

[  (d/dx*f  +  (d/dy*)2  -- — - ^-1-  ]  G(r,  r0) 

4 

=  —S(  r  r0)  (18) 
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A  =  V(«*)2+(/?*)2/  2 


[5]  S.Anzai  and  K.Ozawa,  JAERI-M  reports,  84-059(1984)  1. 
^  '  [6]  M.I. Aliev,  D.G.Arasly  and  T.G.Dzhabrailov,  Sov.Phys  - 

Solid  State  25(1983)2009 

Consequently  <p  is  expressed  as  eq.  (22)  using  above  green  [7]  D.P.Spitzer,  J.Phys.&Chem. Solids  31(1970)  19 

function  G, 

<p  =  jjr* exp(a*^  +  ^*T?)GdS^l  <p{dG / <?r* )  •  n ds ' 

s  2 


(22) 

where  dS'^d^dl)  and  d$' =  ^(d<%)2  +  (dr])2  .  Hence 

we  can  calculate  temperature  in  thermoelectric  device  by 
substituting  eq.(22)  into  eq.(16). 

Table  I  shows  comparison  of  temperature  distribution 
by  Green  function  and  BEM.  As  shown  in  Table,  both 
agreement  is  fairy  well,  thus  showing  the  effectiveness  of 
BEM. 

Table  I  Comparison  of  temperature  distribution  by  Green  function 
andB.E.M  in  the  case  of  Jx^-10A/cm2  ,  Lx=Ly=lcm 


x(cm) 

y(cm) 

T(K)/Green. 

T(K)/B.E.M 

Error(%) 

0.1 

0.1 

321.4783 

321.4738 

0.0014 

0.1 

0.5 

331.9981 

332.0002 

0.000633 

0.1 

0.9 

321.4783 

321.4738 

0.0014 

0.5 

0.1 

451.2151 

451.2133 

0.000399 

0.5 

0.5 

479.1847 

479.1862 

0.000313 

0.5 

0.9 

451.2151 

451.2133 

0.000399 

0.9 

0.1 

560.9539 

560.9428 

0.001979 

0.9 

0.5 

570.4576 

570.4654 

0.001367 

0.9 

0.9 

560.9539 

560.9248 

0.005188 

Conclusion 

Temperature  in  thermoelectric  device  composed  of 
Cu4SnS4  compound  is  calculated  by  using  BEM  It  is  found 
that  temperature  distribution  is  strongly  dependent  on  the 
length  of  thermoelectric  device:  temperature  distribution  is  a 
function  of  the  direction  of  device  length  when  the  length  of 
device  is  very  small.  In  the  case  of  small  electric  current 
density  such  as  -lA/cm2,  temperature  distribution  can  be 
approximately  expressed  as  the  solution  by  calculating 
Laplace  equation.  Temperature  distributions  calculated  by 
BEM  are  in  very  good  agreement  with  those  calculated  by 
Green  function  method  ,even  though  both  methods  are  based 
on  the  different  ideas  and  procedures.  Therefore  we  can 
conclude  BEM  analysis  is  very  effective  for  examining 
temperature  of  device  when  the  partial  differential  equation  is 
approximately  expressed  as  linear  one. 
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Abstract 

Analysis  of  reliability  determination  methods  used  in 
thermoelectricity  is  carried  out.  These  methods  are  based  on 
the  classical  probability  theory  and  have  restricted 
possibilities  for  a  description  of  reliability  of  complicated 
system  and  dynamic  processes.  In  the  present  work  more 
effective  means  of  the  random  processes  theory  are  used  for 
creation  of  reliability  determination  methods.  From  the 
random  processes  theory  point  of  view  reliability  parameters 
of  thermoelectric  elements  and  multi-element  systems  are 
considered.  Possibilities  of  the  random  processes  theory  for 
determination  and  prognosis  of  thermoelectric  module 
reliability  have  been  considered. 

Introduction 

Modem  theory  of  reliability  (TR)  represents  a  set  of 
mathematical  methods  directed  to  theoretical  support  for 
problems  solution  of  industrial  devices  reliability. 

The  analysis  of  used  in  thermoelectricity  TR  methods  has 
been  conducted  in  the  present  work  on  the  base  of  the  past  20 
years  literature  data.  The  analysis  results  show  that  only 
simple  TR  methods  are  generally  used.  The  purpose  of  the 
work  is  to  indicate  on  the  possibility  of  TR  effective  methods 
use  (random  processes  theory,  correlation  analysis,  optimal 
control  theory)  for  the  central  problems  of  thermoelectricity 
solution. 

1.  The  use  the  theory  of  reliability  in  thermoelectricity 

Works  on  reliability  problems  constitute  a  small  portion  of 
the  total  works  on  thermoelectricity  in  the  bibliography  on 
thermoelectrics.  Suffice  it  to  note  that  at  the  International 
conferences  on  thermoelectricity  not  more  than  ten  papers 
were  devoted  to  this  subject  within  last  20  years. 

1.1.  Probabilistic  models  of  reliability. 

To  describe  the  reliability  of  thermoelectric  devices  in  1978, 
the  authors  of  [1]  have  used  the  so-called  "human-like" 
version  of  technical  product  failure  statistics  which  is  well- 
known  from  the  general  mathematical  reliability  theory.  This 
approach  has  been  used  in  the  papers  on  reliability  in 
thermoelectricity  up  to  now  [4,6-8], 

According  to  this  version,  the  service  life  of  a  technical 
product  similar  to  a  human  life  can  be  divided  into  three 
periods  (Fig.  1.): 

1)  The  infantile  period. 

In  the  infantile  period  the  intensity  of  failures,  i.e.  the  number 
of  product  failures  per  unit  of  time  is  large  and  decreases  with 
time  fill  the  next  period.  In  the  infantile  period  (which 
reminds  of  children's  death  rate  in  medical  statistics)  rouge 


mistakes  of  product  manufacturing  and  assembling  are  found. 
The  most  unreliable  samples  are  prone  to  failures. 


Fig.l.  Time  dependencies  of  failure  intensity. 
a  -  human-like  version  of  failure  statistics  with  the 
exponential  reliability  model  in  useful  period,  1  -  infantile 
period,  2  -  useful  period,  3  -  wear  period;  b  -  nonmonotonous 
failure  intensity;  c  -  model  with  latent  period. 

2)  Useful  period. 

This  period  is  characterized  by  a  constant  failure  rate.  As  a 
rule,  it  is  long  and  the  most  important  for  reliability  analysis. 
For  the  useful  period  the  so-called  exponential  model  of 
failure  intensity  has  been  proposed  in  paper  [1],  As  far  as 
constant  failure  rate  X  is  supposed,  the  probability  of  no¬ 
failure  operation  is  described  by  the  exponential  time 
dependence 

R(t)  =  exp (-Xt) .  (1) 

Here  mean  time  between  failures  (MTBF)  is  as  follows 

MTBF  =  —  =  const .  (2) 

X 

3)  The  period  of  wear. 

During  this  period  the  failure  rate  begins  to  increase.  The 
results  of  product  degradation  accumulated  during  the 
previous  periods  start  to  tell.  Generally  the  product  service 
life  is  indicated  before  the  onset  of  the  period  of  wear. 

The  human-like  version  of  life  duration  with  the  exponential 
failure  model  in  the  useful  period  has  been  dominating  up  to 
now  in  the  papers  on  thermoelectric  product  reliability  [6]. 
Note  that  there  is  no  strict  substantiation  of  this  model  and 
the  assessment  of  its  validity  for  thermoelectricity.  This 
model  is  the  simplest  and  most  attractive  from  the  standpoint 
of  design  facilitation.  However,  it  does  not  outperform  the 
other  possible  failure  statistics  model  from  the  standpoint  of 
the  result  validity.  Modem  reliability  theory  [9]  has  long  been 
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considering  other  more  complicated  models,  for  instance 
those  schematically  shown  in  Fig.2.  by  curves  b  and  c.  The 
laws  of  probability  distribution  different  form  (1),  for 
example,  Weibull's  law,  are  widely  used. 


Rc(t)  =  exp(-y-),  (7) 

the  mean  time  of  non-failure  operation  of  the  whole  system 


R{t)  =  a Xta  1  exp(Af  );a,/  >  0, 


r  -  law 


R(t)  = 


r 

r(a) 


ta~l  exp(;U);a,A,  >  0, 


(3) 

(4) 


others. 

One  can  state  that  the  exponential  law  used  nowadays  is  only 
a  kind  of  the  simplest  approximation,  therefore  for  each 
group  of  thermoelectric  devices  the  appropriate  law  of  failure 
probability  distribution  must  be  determined  on  the  basis  of 
valid  and  representative  statistical  data. 

One  should  note  separately  X hat  the  prospects  and  catalogues 
of  firms  manufacturing  thermoelectric  products  never  give 
the  information  about  the  mathematical  reliability  model  used 
in  these  prospects  and  catalogues  to  define  the  parameters 
given  therein.  One  can  only  suppose  the  use  of  exponential 
model.  The  exponential  model  becomes  more  accustomed  and 
widely  used,  though  valid  reasons  for  its  use  still  do  not  exist. 
There  is  a  vicious  circle  -  theoreticians  consider  that  the 
exponential  model  is  well  substantiated  by  the  experimental 
data  and  long-standing  failure  statistics  of  used  products, 
while  the  manufactures  and  users  think  that  the  exponential 
model  and  all  its  consequences  result  from  the  scientific 
theory,  and  thus  continue  the  processing  of  new  statistical 
data  on  the  basis  of  the  same  exponential  model  which  has 
not  been  substantiated  up  to  now. 

1.2.  Thermoelectric  systems  reliability  parameters 
calculation. 

Thermoelectric  instruments  and  devices  often  contain 
thermoelement  blocks  or  multi-element  thermoelectric 
modules.  Knowing  the  reliability  parameters  of  individual 
thermal  elements  (or  their  arms)  it  seems  possible  to  calculate 
the  reliability  parameters  of  system  as  a  whole. 

Thus,  for  example,  in  the  simplest  case  at  the  series 
connection  of  N  components  the  probability  of  non-failure 
operation  of  the  whole  system: 

m  =  nm.  w 

i=  1 

where  Ri(t)is  /-element  probability  distribution  law.  Note  that 
the  expression  (5)  is  valid,  if  the  system  component  failures 
are  independent  events  from  the  standpoint  of  probability 
theory.  For  one  type  elements  from  (5)  it  follows  that 

K(t)  =  [m]N,  (6) 

where  Rc(f)  is  failure  probability  of  one  component. 

If  we  accept  the  exponential  distribution  law  for  the 
component 


(8) 


will  be  N  times  less  the  time  of  no-failure  operation  of  one 
component.  In  paper  [4]  along  with  this  simplest  case  a 
number  of  more  complicated  versions  of  parallel-series 
connection  of  thermoelectric  system  components  have  been 
considered.  Among  them  there  are  also  versions  when  the 
components  connected  in  parallel  add  to  the  system 
reliability.  These  components  are  redundant  during  the  non¬ 
failure  product  operation.  But  when  one  of  the  components 
fails  they  can  partially  fulfill  the  functions  of  the  failed 
component.  Therefore  component  failure  does  not  result  in 
the  failure  of  the  whole  system,  but  only  in  the  reduction  of 
its  operation  parameters.  If  this  reduction  is  less  than  the 
acceptable  standard,  the  whole  system  does  not  fail.  Similar 
circuits  serve  the  example  of  using  unreliable  elements  for  the 
construction  of  sufficiently  reliable  systems. 

The  calculations  made  in  [4]  are  based  on  a  number  of 
assumptions.  The  most  significant  assumption  is  that  of 
Boolean  failure  model.  It  means  that  the  component  under 
consideration  can  be  only  in  two  states-serviceable  and 
switched  off  ones.  More  complicated  Markov  failure  models 
existing  in  the  reliability  theory  [9]  have  not  been  considered. 
Of  all  the  circuits  considered  in  [4]  the  circuit  Parallel 
Elements  in  Series  has  been  recognized  as  the  most  efficient 
one.  In  this  circuit  each  thermoelement  arm  is  by-passed  by 
the  similar  arm. 

The  second  important  assumption  is  that  of  the  exclusive 
utilization  in  the  considered  circuits  of  one-type  elements 
according  to  their  reliability  and  functions.  Meanwhile  it  is 
known  [9]  that  the  use  of  at  least  two  types  of  active  and 
passive  components  for  reservation  can  decrease  the  cost  of 
product  with  the  increase  of  reliability. 

The  active  elements  here  fulfill  the  main  product  functions, 
while  the  passive  elements  have  only  one  function-  to  by¬ 
pass  the  open-circuit  on  the  failed  element.  Therefore,  the 
passive  elements  can  be  manufactured  in  the  form  of  rather 
cheap  resistors. 

1.3.  Recalculation  of  reliability  parameters  at  accelerated  tests 
As  far  as  temperature  growth  results  in  the  failure  intensity,  it 
is  only  natural  to  use  elevated  temperatures  to  reduce  the  time 
of  test.  In  paper  [5,6]  the  possibilities  of  these  accelerated 
tests  have  been  considered.  The  recalculation  of  results 
obtained  at  a  higher  temperature  Th  to  determine  MTBF  at 
lower  temperature  T\  is  based  on  Arrhenius  law  (Fig.  2) 

Mr)  =  XTo  exp(-A_),  (9) 


where  XT0  and  activation  energy  Ea  are  contantants. 
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I CW333) 


1000/T  4 


Fig.  2.  An  example  of  Arrhenius  plot. 


Table.  Structure  of  modern  reliability  theory 


Reliability  theory 

Is  used 

in  thermo¬ 
electricity 

Funda- 

Probability  and  statistics 

4* 

mental 

Mathematical  reliability  models 
Sets  of  reliability  parameters 

Optimization  and  efficiency 
increase  of  devices  and  systems 

+ 

Goals 

Estimation  and  prediction  based 
on  tests 

Calculation  of  systems 

reliability 

Classical  probability  theory 

+ 

Statistical  estimations 

+ 

Random  processes  theory 

— 

Means 

Optimal  control  theory 

— 

Service  theory 

Monte-Carlo  method 

Computer  modeling 

— 

Correlation  analysis 

In  this  case,  as  is  seen  from  the  figure,  the  MTBF  log 
dependence  in  temperature  must  be  a  straight  line,  with  its 
slope  defining  the  activation  energy  Ea.  Then 

MTBF(T ;)  =  MTBF{Th)Fa ,  (10) 


where  acceleration  factor 


F0  =  exp(^ 


TJ, 


(11) 


is  uniquely  determined  by  the  activation  energy  Ea  and 
temperatures  Th  and  T\.  Thus,  for  example,  the  equivalent 
mean  time  between  failures  at  the  temperature  of  40°C  is  30% 
higher  that  at  90°C. 

Calculation  of  acceleration  factor  Fa  by  formula  (11)  can 
hardly  be  considered  accurate  in  all  the  cases.  The  point  is 
that  Arrhenius  law  applicability  is  based  on  taking  the 
logarithm  of  dependence  (9).  Admittedly,  taking  logs 
smoothes  considerably  the  spread  in  experimental  points. 
Taking  into  account  the  exponential  dependence  (11)  for 
acceleration  factor  insignificant  errors  in  the  activation 
energy  determination  can  give  significant  deviations  in  the 
value  of  acceleration  factor. 

2.  Use  of  the  random  processes  theory 
As  the  above  given  literature  review  shows  only  classic 
variants  may  be  indicated  as  used  ones  (see  Table)  in  the 
structure  of  RT  main  concepts  and  methods. 


Let  us  show  the  possibilities  of  the  modern  reliability  theory 
by  the  example  of  the  failure  prediction  problem. 

2.1.  Failure  area  in  the  state  systems  phase  space 
Qualitative  reliability  indices  based  on  the  corresponding 
mathematical  models  were  introduced  into  the  reliability 
theory.  A  device  or  a  system  purpose,  operating  conditions 
and  economical  factors  are  taken  into  consideration 
therewith. 

The  main  notion  in  the  reliability  theory  represents  the  failure 
notion,  that  is,  a  gradual  or  a  sudden  failure  of  a  device 
serviceability.  The  formalized  theoretical  description  for  this 
notion  is  based  on  the  following  for  modern  RT  scheme  of 
mathematical  models  structure.  This  scheme  is  based  on  the 
notion  of  a  random  process  [10-12]. 

It  is  supposed  that  a  industrial  device  state  is  defined  by  x 
point  in  the  state  phase  space  X  =  {*}.  System  states 
evolution  is  described  by  a  random  process  x(t).  Among  all 
possible  states  of  the  phase  space  X  =  {x}  states  the  subset  XQ 
corresponding  to  failure  onset  is  stood  out.  Then  failure-free 
performance  can  be  measured  by  the  time  from  the  given 
moment  to  the  moment  of  the  phase  point  x(t)  entry  into  the 
subset  Xo  which  is  the  failure  area  in  the  phase  space  of  the 
system  states. 

2.2.  Failure  prediction  based  on  the  correlation  analysis 

Let  us  examine  the  failure  prediction  on  the  basis  of  a 
diagram  firstly  used  by  Wiener  and  Kolmogorov  for  the 
solution  of  the  random  processes  problem  and  signals 
filtration  from  interferences  [10-11]. 

Let  us  consider  the  linear  dynamic  system  when  on  its  input  a 
signal  is  come 


245 


15th  International  Conference  on  Thermoelectrics  (1996) 


9(0  =  *(0  +  «(0  > 


(11) 

where  x(t)  is  a  random  process  of  the  studied  device 
evolution,  n(t)  is  an  interference.  The  purpose  of  the  system  is 
as  most  precise  as  possible  prediction  of  the  studied  process  at 
the  time  moment  f+r.  For  this  the  signal  on  the  system 
output  p(t)  is  to  be  required  to  be  the  best  approximation  for 
x(t+ t)  from  the  point  of  view  of  the  error  dispersion. 

Then,  as  it  is  shown  in  [12]  the  weighting  function  of  the 
system  k(f)  must  satisfy  the  Wiener  equation, 

j  k(t,x)Km(a,x)ch  =  Km(t,a);t0  <  a  <  t,  (12) 

where  is  the  autocorrelation  function  of  a  signal  on  the 
system  input,  ATW  is  the  mutual  correlation  function  of  the 
input  and  output  signals. 

The  Wiener's  equation  (12)  is  the  integral  equation.  Its 
solution  k(tf)  by  the  known  methods  of  the  dynamic  systems 
theory  permits  to  determine  all  parameters  of  the  desired 
dynamic  system  capable  to  predict  the  process  x(t)  evolution. 
Since  all  parameters  of  such  prognosticator  (at  least  in 
principle)  can  be  found,  it  is  also  possible  to  perform  its 
industrial  realization  as  tests  schedule,  computer  programs 
for  measurements  and  data  processing.  It  is  essential  that 
such  approach  takes  into  account  errors  of  methods  and 
instrumentation  in  measurements  and  prediction  calculations 
by  means  of  the  introduced  into  the  theory  a  random  process 
of  interference. 

3.  Conclusions 

So,  the  classical  version  of  the  failure  statistics  with  the 
exponential  probability  distribution  law  is  used  for  reliability 
parameters  calculation  and  statistical  material  on 
thermoelectric  devices  reliability  processing. 

The  presently  used  exponential  law  is  only  some  simplest 
approximation  and  hence  the  appropriate  law  of  the  failures 
possibility  distribution  is  to  be  set  up  on  the  base  of  reliable 
and  representative  statistical  data  on  failures  for  each  group 
of  thermoelectric  devices. 

Only  ciruits  with  the  same  type  elements  have  been  examined 
for  calculation  of  complete  thermoelectric  systems  with  extra 
elements  redundancy. 

In  comparison  with  such  fields  as  electronics  and  measuring 
engineering,  thermoelectricity  up  to  now  uses  only  simplest 
methods  of  the  reliability  theory  and  statistical  material 
processing  obtained  in  the  process  of  testing  and  exploitation. 
The  random  processes  theory  metods  of  correlating  functions 
are  propoesd  for  thermoelectric  devices  failure  prediction. 
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The  Design  Problems  of  Thermoelectric  Heat  Pumps  for 
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Abstract. 

The  paper  describes  the  problems  of  design  and  con¬ 
struction  development  of  thermoelectric  (TH)  air  chillers 
for  different  means  of  transport.  The  report  contains  the 
description  of  the  temperature  operating  conditions  of  TH 
air  chillers  and  the  procedures  of  the  TH  air  chiller  testing. 
The  results  of  the  stand  operation  of  the  TH  air  chiller  at 
various  voltages  are  analyzed.  The  paper  highlights  TH 
modules  mathematical  modeling  by  means  of  equations 
account  for  the  variation  of  the  main  TH  properties 
across  the  thermocouple  with  the  temperature  gradient. 
The  modeling  of  TH  module  operation  is  based  on  the 
numerical  solution  of  a  second  order  nonlinear  differen¬ 
tial  equation.  The  solution  obtained  is  compared  with  the 
results  got  by  a  crude  method  and  from  the  stand  testing. 

1.  Choosing  of  the  Chiller  Operation  Conditions. 

When  developing  TH  air  chiller  one  is  up  against  a 
number  of  problems  deriving,  first  of  all,  from  the  specific¬ 
ity  of  the  use  of  TH  systems  for  cooling.  It  has  been  spo¬ 
ken  much  about  earlier,  specifically  in  [1],  which  shows 
analogy  between  the  hydraulic  and  the  thermal  pumps 
and  emphasizes  the  optimization  of  TH  modules  con¬ 
struction  stemming  from  the  fixed  operation  conditions.  It 
has  also  been  demonstrated  that  the  use  of  TH  modules  at 
rated  voltages  is  inefficient  because  the  rated  voltage  is 
usually  calculated  for  obtaining  the  maximum  tempera¬ 
ture  difference  permitted  by  the  module.  This  voltage 
corresponds  to  the  temperature  drop  of  60-70  K,  and  it  is 
much  more  than  is  needed  for  cooling  (ATmoduie  =  30  K  for 
typical  air  chillers).  The  problems  of  adjustment  of  TH 
modules  for  thereof  use  in  the  chillers  are  described  in 
paper  [2],  but  its  authors  described  rather  unusual  method 
of  heat  removal  (evaporated  system)  negating  all  TH 
advantages  (compactness,  lightweightness,  ability  to  oper¬ 
ate  in  any  position  in  space). 

We  set  ourselves  the  task  of  developing  the  TH  chiller 
which,  on  one  hand,  would  operate  efficiently,  on  the 
other  hand,  would  contain  all  the  advantages  of  TH  sys¬ 
tems.  It  is  precisely  the  chiller  that  will  be  suitable  for  the 
installation  into  an  average  automobile  where  the  limited 
space  and  vibration  do  not  allow  traditional  compressors. 
The  same  could  be  said  about  the  trucks  though  the  space 
requirements  imposed  on  their  cooling  blocks  are  less 
strict  . 

The  TH  modules  similar  to  Melcor  CP  1.4- 127-045  TL 
have  been  used  to  construct  the  chiller.  In  [1]  we  showed 
that  in  order  to  increase  the  efficiency  of  operation  of  TH 
modules  assembled  in  a  chiller  it  is  necessary  to  increase 
the  area  of  the  thermocouple  cross  section  leaving  the 
height  invariable.  The  maximum  ratio  A(/L  (A0  -  area  of 
TH  couple  cross  section,  L  -  TH  couple  length)  distin¬ 
guishes  CP  1.4-127-045  module  from  other  widely  used 
and  relatively  inexpensive  TH  modules.  All  the  data  in 


this  report  correspond  to  CPI. 4- 127-045. 


Fig.  1.1  Load  characteristics  of  the  analog  of  Melcor 
CP 1.4-127-045  at  various  voltages. 
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Fig.  1.2  COP  characteristics.  Designation  is  similar  to  that 
of  Fig  1.1. 

A  series  of  the  module  load  characteristics  are  repre¬ 
sented  on  Fig.  1.1,  Fig  1.2  shows  COP  for  this  module  at 
indicated  voltages.  In  the  paper  [1]  we  have  already 
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proved  that  while  constructing  the  chiller  which  is  sup¬ 
posed  to  provide  the  temperature  drop  of  10  -  20  K,  it  is 
necessary  to  do  all  the  calculations  for  the  module  which 
provides  maximum  efficiency  at  30  -  40  K  temperature 
difference.  Basing  on  the  above  mentioned  assumption 
and  relying  on  Fig.  1.2  the  modules  used  in  the  chiller  are 
to  operate  at  8-10  V  to  achieve  maximum  efficiency. 

TH  air  chiller  TK 1-06-740  has  been  designed  and  built 
to  fit  those  requirements.  20  TH  modules  have  been  built 
into  the  chiller;  at  12  volts/module  the  power  consumption 
equals  to  1680  W,  at  7  V/module  it  is  588 W. 

2.  Comparative  characteristics  of  chillers  of  different  con¬ 
structions. 

A  testing  stand  of  1  m3  has  been  developed  and  con¬ 
structed  to  test  chillers.  The  surface  area  of  this  volume  is 
6.75  m2.  The  walls  of  the  container  have  been  made  of 
veneer  -  8mm  and  foam  plastic  -  50  mm.  Heat  penetration 
for  the  stand  involved  was  5  W/K.  So,  to  maintain  the 
temperature  inside  20  K  less  than  the  environment  tem¬ 
perature  100  W  is  to  be  removed.  A  heating  element  with 
maximum  power  of  1  kW  has  been  installed  into  the  stand 
to  imitate  the  actual  practice.  The  heater  has  been  con¬ 
nected  with  a  special  device  which  provided  a  graduate 
variation  of  the  heating  power.  The  load  on  the  chiller  0 
at  temperature  drop  AT  and  power  of  the  heating  q  has 
been  calculated  as  follows 

Q  =  q  +  5  -  AT  (2.1) 

Both  the  chillers  operating  at  usual  voltage  and  the 
chiller  operating  at  reduced  voltage  have  been  tested  on 
that  stand.  The  test  results  are  showed  on  Fig.  2. 1 . 


Fig.  2.1  Comparison  of  loading  characteristics  of  the  chill - 


ers. 
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9  V/module,  the  same  device 

4. 

V 

8  V/module,  the  same  device 

5. 

O 

7  V/module ,  the  same  device 

6. 

O 

12  V/module,  device  960  W 

As  one  can  see  from  Fig.  2.1  module  operation  at  re¬ 
duced  voltage  results  in  essential  increase  in  COP.  For 


instance,  the  chiller  containing  20  modules  operating  at  7 
V  each  consumes  588  W.  It  is  also  clear  its  cooling  power 
in  the  whole  range  of  the  temperature  drop  is  higher  than 
the  cooling  power  of  its  analog  containing  12  modules 
operating  at  12  V  each  and  consuming  960  W. 

Let  us  consider  in  details  the  temperature  regimes  of 
the  operation  of  20-module  chiller  in  the  following  condi¬ 
tions:  temperature  drop:  environment -cooling  volume  -  17 
K,  cooling  power  -  290  W,  voltage  at  module  -  10  and  12 
V.  Measured  temperature  drops  at  its  basic  blocks  are 
represented  in  Table  2. 1 . 


Voltage  at  module,  V 

12 

10 

Power  consumption,  W 

1680 

1160 

Cooling  power,  W 

290 

290 

ATi  cooling  volume  -  environment,  K 

17 

17 

AT2hot  heat  exchanger  -  hot  slide,  K 

34.8 

30.9 

AT3  clod  heat  exchanger  -  cold  slide,  K 

5.0 

5.6 

AT4  hot  heat  exchanger  -  environment,  K 

12.8 

9.3 

Table  2.1  Comparison  of  temperature  regimes  of  chiller 
operation. 


The  values  ATi  +  AT 4  correspond  to  the  values  Ai  -4-  A4 
of  paper  [1]  respectively.  ATi  is  a  temperature  drop  which 
is  to  be  provided  by  the  chiller.  AT2  is  a  temperature  drop 
which  the  TH  modules  of  a  chiller  operate  at.  AT3  shows 
the  efficiency  of  the  heat  exchanger  at  cold  slide:  the  lower 
is  AT3,  the  better  is  the  conditions  of  modules  operation. 
AT4  -  the  same  as  AT3  but  for  hot  slide.  So  it  is  obvious 
the  increase  in  cooling  coefficient  is  due  to  twofold  effect: 

1.  The  modules  operate  at  reduced  temperature  drop  and 
thereof  cooling  efficiency  is  higher  (according  to  Fig. 
1.1). 

2.  The  modules  operate  at  reduced  voltage  and,  hence, 
the  COP  is  higher  (it  is  well  seen  from  Fig.  1.2). 

In  conclusion,  let  us  consider  the  COP  of  the  chiller 
operating  at  the  temperature  drop  between  the  cooling 
volume  and  environment  of  10  K  at  various  voltages. 


Voltage,  V/module 

12 

8 

1  i 

Cooling  power,  W 

400 

390 

350 

305 

Power  consumption,  W 

COP,  % 

mm 

Table  2.2  Parameters  of  20  -  module  chiller  operation  at 
temperature  drop  between  cooling  volume  -  environment  of 
10  K  and  various  voltages. 


One  can  see  from  Table  2.2  at  temperature  drop  of  10 
K  the  operating  conditions  at  voltage  7  V/module  are  the 
most  efficient  in  terms  of  increasing  the  COP.  However 
the  operating  conditions  are  considered  to  be  optimal  at  8 
V/module  if  the  cost  of  the  device  is  taken  into  account  (it 
is  naturally  increases  with  the  increase  in  the  number  of 
the  modules).  As  a  rule,  the  generator  voltage  in  trucks  is 
24V,  hence,  modules  of  the  chiller  are  to  be  commutated 
in  a  special  way  or  (when  using  another  power  supply)  a 
special  adapter  must  be  included  in  the  chiller.  It  is  obvi¬ 
ous  the  first  variant  is  more  preferable  in  terms  of  econ¬ 
omy.  So,  the  module  operation  at  the  voltage  of  8  V  does 
not  require  any  additional  converters  with  the  constraint 
the  number  of  the  modules  is  a  multiple  of  3. 
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3.  Numerical  solution  of  the  basic  thermocouple  equation. 

To  find  the  temperature  distribution  along  the  thermo¬ 
couple  the  equation  (6)  of  the  paper  [3]  has  been  used.  It  is 
follows: 


a.z^a.Al. 


dT_ 

dx 


IT- 


dS 

dx 


el 

An 


=  0 


(3.1) 


dx J  "  dx 
0  <  x  <1,  T  (0)  =  TcM,  T(l)  =Thot, 
where  T cold  and  Thot  are  the  temperatures  of  the  cold  and 
hot  slides  respectively.  Since  p,  S  are  the  functions  of 
the  temperature  the  equation  does  not  have  any  analytical 
solution.  Let  us  consider  the  numerical  solution  of  the 
equation  involved.  First,  let  us  rewrite  the  equation  (3.1) 
as  follows: 


±(%HL)-±.M.t+P^  =  o  (3.2) 

dx  V  dx)  A0  dx  A~ 

0  <  x  <1,  T(0)  =  Tcold,  T(l)=Th0!> 
and  introduce  the  uniform  grid  { xt  =  i-h,  0  <i  <N+1, 
h-(N+l)  =  / }  at  section  / 0 ,  l].  At  this  grid  problem  (3.2) 
can  be  approximated  by  a  differential  scheme: 


T  -T  T -T 


-q,T,+f,=o  (3-3) 


where 


2h 

~f,m, 

^0 


I<i<N ,  T0  =  T(0)  =  Tcold,  Tn+}  =  T(l)  =  Thot 

If  we  designate  the  left-hand  side  of  the  equation  (3.3) 
by  gi(T),  where  T  is  vector-column  (Tj  ...  Tn)t ,  and 
eliminate  known  values  T0  and  Tn+i  from  the  equation, 
the  problem  (3.3)  can  be  represented  as  a  system  of  non¬ 
linear  algebraic  equations: 

gI(T]...TN)  =  0 

g2(Tr..TN)=0  (3.4) 


T»)=° 

or,  in  operator  form: 

AT  =  0  (3.5) 

Please,  note  that  each  equation  of  the  system  (3.4) 
binds  no  more  than  three  unknown  values  :  Tf  h  Tt  and 
tm.  For  the  solution  of  system  (3.4)  the  modified  New¬ 
ton’s  method  is  applied  [5].  Here  is  the  basic  idea  of  the 
method.  Let’s  assume  we  have  some  crude  solution  of 
(3.5)  and  denote  it  as  T(k) .  It  is  obvious  that  T(k)  meets 
the  following  condition: 

AT(k)  =  r(k)  (3.6) 

where  r(k)  is  a  nonzero  vector-column.  In  this  case  accord¬ 
ing  to  Newton’s  method  close  approximation  T(k+1)  can 
be  determined  resting  upon  the  following  expressions: 

Bf*p™  =  r(k),  (3.7) 

T(k+1)  =  T(k>  -  Ek+np(k>,  (3.8) 

where  -tfk+I>  is  an  iterational  parameter  which  depends 
upon  the  condition  of  the  iterational  process  (3.6)  ..  (3.8) 
convergence  at  any  initial  approximation, 

B(k>  is  Jacoby  matrix  of  the  system  (3.4) 


dSi 

dgi  ' 

dg, 

dT, 

dT2 

dTN 

dg2 

dg2 

dg2 

dT, 

dT2 

dTN 

dgN 

dgN 

dgN 

dT, 

dT2 

dTN 

Matrix  B(k)  is  a  ternary-diagonal  matrix  and  to  deduce 
vector p(k)  common  methods  can  be  applied. 

So,  the  algorithm  of  the  numerical  solution  of  the 
equation  (3.1)  with  a  given  accuracy  can  be  described  in 
the  following  way: 

1)  Assuming  that  p,  j,  S  are  not  the  functions  of  the 
temperature  solve  the  problem  (3.1)  analytically 
and  use  the  obtained  solution  in  the  grid  nodes  as 
an  initial  approximation  Tk  for  the  iterational 
process  (3.6)  -  (3.7). 

2)  Solve  the  system  (3.6)  for  k  =  0,1,  ...  and  find  vec¬ 
tor  p(k) . 

3)  Choose  parameter  / k+1)  resting  upon  [4]  and  de¬ 
termine  T(k+J)  by  means  of  (3.7). 

4)  Finish  the  iterational  process  if  the  following  con¬ 
dition  for  the  approximation  T(k+1 }  is  fulfilled: 


max- 

l<i<N 


j»(*>  _  y 


(*+;) 


<  8 


where  e  is  a  given  accuracy  of  the  equation  (3.1)  solu¬ 
tion.  We  assumed  e  =  10  6. 

This  algorithm  has  been  realized  by  the  computer  with 
Pentium  120  MHz  processor  and  translator  NDP  Fortran 
486  has  been  used  for  the  compilation. 

The  temperature  dependence  of  p,  j,  S  has  been  taken 
from  the  “Melcor”  catalogue.  These  data  are  shown  in 
Table  3.1.  For  the  TH  module  the  temperature  description 
along  the  thermocouple  has  been  modulated  by  means  of 
the  program  and  then  the  cooling  power  of  one  thermo¬ 
couple  and  the  whole  module  have  been  calculated  ac¬ 
cording  to  the  formula  (1)  from  the  paper  [3]  . 


TH  property 

Temperature  dependence 

p,  Ohm  rn 

5.37-10-8T  -  4.9837-10-7 

x,  W/m-K 

-4.044- 10-3  T  +  2.8794 

S,  V/K 

3.521-10-7T+  1.061734-10-4 

Table  3.1  Temperature  dependence  of  TH  characteristics  of 


the  module. 

The  calculations  have  been  carried  out  for  currents 
3.65A  and  8.0A,  they  correspond  to  module  voltages  8V 
and  15V  respectively.  Temperature  distribution  along  the 
thermocouple  for  current  intensity  of  3.65  A  is  demon¬ 
strated  on  Fig.  3.1  -  3.2.  Fig.  3.1  shows  temperature  dis¬ 
tribution  along  the  TH  couple  at  maximum  cooling  power 
( Tcoid  =  Thol)  and  current  intensity  of  3.65  A,  Fig.  3.2 
shows  temperature  distribution  along  the  TH  couple  at 
current  intensity  of  3.65  A  and  temperature  difference  40 
K.  On  all  plots  the  numerical  solution  is  designed  by  “1” 
and  the  analytical  -  by  “2”. 
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Length  of  the  thermocouple,  mm 
Fig.  3.1  Temperature  distribution  along  the  TH  couple  at 
current  3.65  A. 

As  one  can  see  on  the  plot  discrepancy  between  the 
numerical  and  analytical  values  increases  as  the  tempera¬ 
ture  drop  on  module  increases,  but  even  at  temperature 
drop  of  40K  the  difference  is  less  than  IK.  It  is  clear  that 
the  values  of  the  module  cooling  power  differ  also  insig¬ 
nificantly  for  this  current  intensity.  The  discrepancy  in¬ 
creases  as  the  current  flowing  through  the  TH  couple  in¬ 
creases. 


Length  of  the  thermocouple,  mM 

Fig.  3.2  Temperature  distribution  along  the  TH  couple  at 
current  3.65  A. 

Fig.  3.3  represents  the  results  of  the  calculations  for 
current  intensity  of  8  A  and  at  AT=0  K.  Fig  3.4  demon¬ 
strates  temperature  distribution  at  the  same  current  and 
AT=40  K.  At  the  current  of  8 A  reverse  phenomenon  oc¬ 
curs:  the  discordance  between  the  numerical  and  analyti¬ 
cal  solutions  increases  as  the  temperature  drop  decreases. 
At  the  temperature  drop  of  40  K  the  maximum  difference 
is  less  than  5K,  at  the  AT=0  K  it  is  8.8  K.  Naturally, 


Length  of  the  thermocouple,  mm 
Fig.  3.3  Temperature  distribution  along  the  TH  couple  at 
current  8  A. 


Length  of  the  thermocouple,  mm 
Fig.  3.4  Temperature  distribution  along  the  TH  couple  at 
current  8  A. 

that  the  disparity  between  the  cooling  power  values  calcu¬ 
lated  by  two  different  methods  also  increases.  Fig.  3.5 
conveniently  illustrates  that  fact.  As  shown  at  Fig.  3.5  the 
numerical  solution  slightly  differs  from  the  analytical  one, 
furtherover,  at  low  temperature  drops  (AT  <  40  K)  the 
analytical  solution  better  correlates  with  the  experiment. 
Nevertheless  the  numerical  solution  has  allowed  a  deep 
understanding  of  the  heat  transfer  processes  in  thermoe¬ 
lements  as  well  as  limits  of  module  optimization.  Let  us 
illustrate  it  by  a  concrete  example. 

In  paper  [2]  the  authors  suggested  the  thermocouple 
height  should  be  reduced  to  0.1  -^0.2  mm.  Fig  3.3  clearly 
shows  the  effect  of  reduction.  If  module  operates  at  cur¬ 
rent  8A,  Thot  =  300°K  and  temperature  drop  0  K,  accord¬ 
ing  to  the  calculations,  the  temperature  of  the  middle  part 
of  the  thermocouple  will  be  approximately  44-^45  K  higher 
the  temperature  of  the  hot  slide.  So,  reducing  the  height  of 
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Fig.  3.5  Comparison  of  load  module  characteristics  at  cur¬ 
rent  of  8  A.  1  -  numerical  solution ,  2  -  analytical,  3 
-  experimental  module  cooling  power. 

the  thermocouple  by  half  results  in  the  same  cooling 
power,  but  the  temperature  drop  of  44^45  K.  The  calcula¬ 
tion  shows  the  cooling  power  equals  to  51.6  W  at  the  tem¬ 
perature  drop  of  45  K  and  the  height  of  the  thermocouple 
of  0.6  mm.  It  corresponds  to  the  cooling  power  at  the 
temperature  difference  of  0  K  and  the  height  of  the  ther¬ 
mocouple  1.15  mm.  Furthermore,  the  part  of  the  material 
will  be  “discarded”.  It  will  enable  us  to  reduce  the  voltage 
drop  at  the  thermocouple  (  and  hence  at  the  module) 
leaving  the  current  strength  invariable.  Due  to  this  meas¬ 
ures  the  energy  consuming  will  be  diminished  and,  hence, 
the  COP  increased  at  the  same  cooling  power. 


Nomenclature 

T  temperature 

Tcoid  cold  slide  temperature 

Thot  hot  slide  temperature 

T(k)  temperature  at  i-th  node  of  the  grid  at  k-th 

iteration 

x  one-dimensional  Cartesian  coordinate 

p  electrical  resistivity 

%  thermal  conductivity 

S  Seebeck  coefficient 

I  electncal  current 

A0  cross-sectional  area 

L  length  of  the  TH  couple 
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Conclusions. 

1.  When  constructing  the  chillers  for  means  of  transport 
it  is  desirable  to  use  modules  Melcor  CP  1.4- 127-045 
(or  thereof  analogs)  at  the  voltage  of  8  V. 

2.  For  the  operation  conditions  with  the  temperature 
drop  of  40  K  and  high  (more  than  2.6  A/mm2)  currents 
it  is  desirable  to  produce  module  with  the  height  of 
thermocouple  0.6  mm,  and  the  area  of  the  cross  section 
of  1.4  mm2.  Since  the  production  of  the  thermocouple 
of  the  height  less  than  1  mm  presents  some  technologi¬ 
cal  difficulties  it  is  possible  to  use  modules  with  the 
equivalent  ratio  A(/L ,  i.e.  with  the  area  of  the  cross 
section  of  2  mm2  and  the  height  of  the  thermocouple 
1.15  mm,  for  the  current  of  8  A.  The  module  CP2.0- 
127-045  ideally  suits  the  operation  at  8  A,  but,  unfor¬ 
tunately,  it  is  not  produced  commercially. 


We  would  like  to  express  our  special  thanks  to  the 
head  of  laboratory  of  difference  methods  of  Moscow 
State  University,  professor  Evgeniy  S.  Nikolaev,  who 
placed  at  our  disposal  the  computer  with  Pentium  120 
MHz  processor  and  gave  some  valuable  remarks. 
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Abstract 

Many  high  power  electronic  devices,  such  as  power 
amplifiers  and  microprocessors,  operate  at  high  temperatures 
close  to  or  at  the  edge  of  their  reliability,  which  could 
severely  impact  performance  and  operating  lifetime.  These 
devices  thus  need  cooling  to  improve  performance  and 
reliability.  Conventional  thermal  management  techniques, 
most  of  which  will  be  discussed,  are  not  well  suited  to  the 
specific  problem  of  cooling  discrete  or  localized  heat 
dissipating  devices  since  they  generally  cool  the  whole 
board.  Moreover  these  techniques  have  difficulty  dealing 
with  the  large  heat  fluxes  associated  with  the  high  density 
packaging  of  power  devices.  The  specific  problem  of  spot 
cooling  of  power  devices  can  be  very  effectively  solved  by 
using  the  combination  of  diamond  substrates  and  a 
thermoelectric  cooler.  The  highest  power  components  would 
be  mounted  directly  on  a  diamond  substrate  (ideally  the  top 
substrate  of  the  cooler)  allowing  the  cooler/diamond 
combination  to  maintain  the  temperature  of  the  device  from 
a  few  degrees  to  tens  of  degrees  below  that  of  the  substrate 
on  which  the  cooler  is  mounted  (diamond  or  any  other  high 
thermal  conductivity  material).  This  will  allow  the  device  to 
operate  at  a  low  enough  temperature  to  increase  both 
reliability  and  clockspeed  It  has  been  determined  that  the 
highest  cooling  power  densities  will  be  achieved  with  thin 
film  coolers  with  cooler  leg  lengths  on  the  order  of  20  to  50 
microns.  The  results  of  a  solid  state  power  amplifier  (MMIC) 
cooled  using  a  diamond/cooler  combination  will  be 
presented  and  discussed. 

Introduction 

The  demand  for  increased  speeds  of  integrated  circuits, 
computers  etc.  is  accompanied  by  higher  power  levels  and  a 
higher  packaging  density.  Combined,  these  requirements 
result  in  very  high  power  densities  and  thermal  problems, 
which  limits  integration  of  devices  and  components  on  the 
board.  An  example  of  the  expected  increased  power  levels  is 
a  Solid  State  Power  Amplifier  (SSPA),  a  MMIC  used  for 
microwave  applications,  which  is  expected  to  go  from  a 
current  output  of  5  W  to  30  W  within  a  few  years.  That 
increase  will  multiply  the  heat  flux  that  has  to  be  removed 
from  approximately  30  W/cm2  to  over  100  W/cm2.  This 
higher  heat  flux  density  will  result  in  a  major  thermal 
management  problem  that  will  have  to  be  addressed  using 
novel  techniques.  In  addition,  many  devices  are  currently  or 
will  be  operating  at  or  near  the  edge  of  reliability,  and  so 
they  will  need  to  operate  at  lower  temperatures,  especially 
mission  critical  military  equipment. 


The  demand  for  increased  processing  speed  has  resulted  in 
increased  packaging  densities  because  the  signal  delay  times 
are  directly  proportional  to  the  physical  distance  between 
components.  Additionally,  faster  clock  rates  call  for  faster 
logic,  which  necessitates  more  power,  while  an  increase  in 
the  functional  density  of  processors  also  results  in  a  larger 
power  requirement.  At  the  chip  level,  the  most  performance 
can  be  obtained  if  the  junction  temperature  can  be 
maintained  at  a  tolerable  level.  Ideally,  a  reduced 
temperature  and  a  closely  controlled  thermal  environment  is 
needed.  The  best  way  to  ensure  this  is  by  using  active 
cooling.  Several  cooling  techniques  will  be  discussed  below. 

Cooling  Techniques 

Cooling  techniques  can  be  broken  up  into  conventional  and 
advanced  cooling.  Conventional  cooling  consists  of  external 
natural  or  forced  convection  and  conduction.  The  most 
common  form  of  convection  is  the  use  of  fans  whereby  heat 
is  removed  by  the  airflow.  It  is  best  to  place  the  hottest 
components  in  the  center  of  the  board  because  that  is  where 
the  heat  flow  is  the  greatest.  To  increase  cooling  means  more 
air  flow,  which  can  only  be  achieved  by  more  and/or  larger 
fans.  The  disadvantage  of  fans  is  that  they  do  occasionally 
need  repairs  and  that  they  are  noisy.  The  other  conventional 
form  of  cooling  is  conduction  using  high  thermal 
conductivity  materials  such  as  copper,  aluminum  etc.  Heat  is 
conducted  to  the  sides  of  the  board  and  then  to  the  heat  sinks, 
so  the  hottest  components  should  be  at  the  edges  of  the 
board.  In  both  cases  there  will  still  be  hot  spots  on  the  board. 
These  conventional  cooling  techniques  cannot  prevent  that. 

There  are  various  advanced  cooling  techniques  and  some  of 
these  will  be  discussed  briefly.  Micro  heat  pipes  use  the 
phase  change  of  water  or  methanol  in  a  closed  loop  that  uses 
the  capillary  effect  to  circulate  the  fluids.  It  is  a  closed  loop 
technique  with  a  high  heat  transfer  coefficient.  Micro  heat 
pipes  are  being  used  in  laptops,  in  which  a  copper  pad  at  the 
end  of  the  heat  pipe  is  placed  directly  underneath  the 
processor  to  remove  the  heat  [1],  Micro  channel  liquid  flow 
uses  the  flow  of  water  through  micro  channels  embedded  in 
the  silicon  substrate  to  remove  heat  generated  by  the 
components  on  the  board  [2],  This  method  has  a  high  heat 
transfer  coefficient  and  can  dissipate  a  large  amount  of  heat 
but  a  pump  is  needed  so  there  will  be  possible  reliability 
problems.  A  method  developed  more  recently  and  that  holds 
promise  is  spray  cooling.  It  uses  the  phase  change  of  a 
dielectric  fluid,  such  as  fluorinert,  that  is  sprayed  onto  the 
hot  parts.  Heat  is  removed  during  the  phase  change  from 
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liquid  to  gas.  A  closed  system  is  needed  to  collect, 
recondense,  and  pump  the  fluid.  Fluorinert  mist  cooling  is 
almost  two  orders  of  magnitude  more  efficient  than  forced 
air  cooling.  It  takes  approximately  1  W  of  power  for  25  W  of 
cooling  (COP-25)  [3].  Spray  cooling  can  be  used  to  spot 
cool  single  devices  or  the  entire  board.  This  is  a  promising 
new  cooling  technique  but  the  system  has  to  be  leak  tight  and 
the  reliability  of  the  pump  is  an  issue.  A  final  advanced 
cooling  method  is  the  use  of  novel  very  high  thermal 
conductivity  materials  such  as  diamond,  AIN,  and  carbon- 
carbon  composites  infiltrated  with  diamond.  Diamond,  with 
the  highest  thermal  conductivity  known  (1500-2000  W/cm- 
K  [4])  will  set  the  limit  for  passive  cooling. 

The  cooling  of  power  electronics  with  thermoelectric  coolers 
has  several  advantages.  One  of  the  most  important  of  these  is 
the  ability  to  spot  cool  discrete  or  localized  devices  and  to  be 
able  to  reduce  the  temperature  of  the  device  below  ambient. 
This  reduction  in  temperature  increases  the  reliability, 
lifetime,  and  clockspeed  of  the  device.  For  example,  a  10 
degree  reduction  in  temperature  will  result  in  a  3  to  5  Mhz 
performance  improvement.  None  of  the  cooling  techniques 
discussed  above  have  the  capability  of  reducing  the 
temperature  below  ambient.  An  additional  advantage  of 
thermoelectric  coolers  is  the  capability  of  handling  large  heat 
fluxes.  The  main  disadvantage  of  using  thermoelectric 
coolers  is  the  introduction  of  additional  heat  into  the  board 
(could  easily  double  the  heat  output  of  the  device).  This 
additional  heat  has  to  be  removed  from  the  heat  sink  so  an 
additional  cooling  technique  is  needed,  such  as  a  high 
thermal  conductivity  substrate  or  a  heat  pipe.  The  large  heat 
input  is  due  to  the  low  COP  of  thermoelectric  coolers,  which 
obviously  varies  over  a  large  range  depending  on  the 
temperature  difference  required,  the  thermal  conductivity  of 
the  substrates  and  the  thermal  gradient.  The  cooling  power 
density  of  SOA  coolers  is  limited,  which  is  why  it  is 
necessary  to  go  to  thin  film  coolers  in  the  cases  of  large  heat 
fluxes. 

Cooling  of  a  Power  Amplifier 

Solid  State  Power  Amplifiers  (SSPA)  for  microwave 
applications  (MMIC)  are  used  in  spacecraft  for 
telecommunications.  A  typical  5  Watt  SSPA  (made  by  Texas 
Instruments)  is  a  5.4  mm  by  3.0  mm  by  0.1  mm  thick  GaAs 
device  that  dissipates  8  Watts  of  thermal  power  [5],  In 
spacecraft  applications  the  SSPA  has  a  peak  operating 
temperature  around  110°C  using  PbSn  solder  and  a  moly 
shim  bonded  to  the  heat  sink. 

This  temperature  is  too  high  and  needs  to  be  lowered  to 
increase  reliability  and  efficiency.  For  a  GaAs  device  the 
lifetime  increases  by  about  an  order  of  magnitude  (in  hours) 
for  every  25°C  drop  in  temperature  [6].  Advanced  active 
thermoelectric  cooling  is  needed  to  reduce  the  temperature  to 
more  acceptable  levels. 


An  experimental  microwave  setup  was  put  together  to 
determine  the  effect  of  advanced  active  cooling  on  an  actual 
SSPA.  The  device  was  soldered  to  a  metallized  diamond 
substrate.  This  diamond  substrate  acts  as  a  heat  spreader 
from  the  small  device  to  the  larger  cooler  (discussed  in  detail 
earlier  [7]  ).  The  diamond  substrate  was  bonded  to  a  non- 
optimal  commercial  “off-the-shelf’  cooler  using  diamond- 
filled  epoxy.  The  results  of  the  test  were  very  encouraging. 
The  junction  temperature  of  the  device  was  reduced  to  62°C 
using  the  cooler  from  a  temperature  of  88°C  using  the 
conventional  moly  shim  and  PbSn  solder.  This  reduction  in 
temperature  increases  the  device  reliability  100  fold  and  the 
efficiency  was  found  to  have  increased  by  10-15%.  Using  an 
optimized  bulk  cooler  or  micro-cooler,  with  diamond 
substrates  instead  of  alumina  and  optimized  1/A  legs,  would 
reduce  the  temperature  even  further.  The  key  to  further 
improvement  is  to  go  to  thin  film  coolers. 

Thin  Film  Coolers 

The  main  benefit  of  going  to  thin  film  coolers  is  the  dramatic 
increase  in  cooling  power  density  since  it  is  inversely 
proportional  to  the  length  of  the  thermoelectric  legs.  Heat 
flux  densities  up  to  several  hundred  watts  per  square 
centimeter  can  now  be  removed.  A  30  watt  power  amplifier 
dissipates  about  150  W/cm2  compared  to  about  30  W/cm2  for 
a  8  watt  chip.  Thin  film  coolers  will  allow  lighter,  smaller 
devices  and  higher  packaging  densities.  Coolers  could  fit 
right  under  the  power  amplifier  chips  thus  allowing  closer 
packaging  of  components. 

Figure  1  shows  the  cooling  power  density  comparisons  for  a 
SOA  commercial  cooler  with  2mm  legs,  for  a  bulk  micro¬ 
cooler  with  200pm  legs,  and  for  a  thin  film  cooler  with 
20pm  legs.  These  curves  are  for  a  hot  side  temperature  of 
330K  and  for  diamond  substrates,  rather  than  alumina,  on  the 
cooler.  The  use  of  diamond,  which  has  the  highest  thermal 
conductivity  known  (approximately  two  orders  of  magnitude 
greater  than  that  for  alumina),  is  necessary  so  that  as  small  a 
AT  as  possible  is  dropped  across  the  substrate.  If  alumina 
substrates  are  used  then  the  top  two  curves  would  drop  off 
substantially  faster  at  the  lower  cold  side  temperatures.  As 
can  be  seen  from  the  figure,  the  cooling  power  density  of  the 
thin  film  cooler  is  approximately  two  orders  of  magnitude 
greater  than  that  for  the  SOA  current  cooler  and  one  order  of 
magnitude  greater  than  that  for  the  bulk  micro-cooler.  The 
reason  to  go  to  thin  film  coolers  is  thus  very  obvious. 
However,  considerable  development  work  is  still  needed 
before  thin  film  coolers  are  ready  to  be  used.  Areas  that  need 
development  are  the  deposition  and  characterization  of 
Bi2Te3-based  films,  bonding  of  metallized  diamond 
substrates  to  the  thermoelectric  films,  and  the  patterning, 
etching,  bonding  and  testing  of  the  cooler.  Figure  2  shows 
the  proposed  schematic  for  the  metallizations  and  bonding 
scheme  for  the  diamond  and  the  thin  film  thermoelectric 
material. 
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Fig.  1:  The  cooling  power  densities  as  a  function  of  the  temperature  gradient  across  the  thermoelectric  device  for  three 
different  kinds  of  coolers. 


Fig,  2:  Schematic  of  a  thin  film  thermoelectric  device  with  diamond  substrates. 
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The  scheme  involves  many  layers,  some  of  which  have 
already  been  developed  or  are  in  the  process  of  being 
developed.  Some  of  the  layers  and  barriers  are  fixed  in 
composition  (such  as  the  diffusion  barrier  between  the  Cu 
electrode  layer  and  the  Ti  metallization,  which  will  be  an 
amorphous  silicide  e  g.  Ta-Si-N)  while  others  are  still  in  the 
development  stage  with  several  possibilities. 

Conclusion 

The  demand  for  increased  speeds  and  higher  power  levels  for 
electronic  devices  such  as  power  amplifiers  and 
microprocessors  has  resulted  in  thermal  problems  on  the 
component  and  board  level  that  need  to  be  solved.  The  spot 
cooling  of  these  power  devices  and  microprocessors  is 
needed  to  increase  reliability,  efficiency,  and  clockspeed. 
Many  of  these  devices  are  already  operating  at  the  limit  of 
reliability.  Thermoelectric  coolers  combined  with  diamond 
substrates  are  one  of  the  most  promising  methods  to  spot 
cool  these  power  producing  devices.  The  highest  cooling 
power  densities  can  be  achieved  with  thin  film  coolers  ( two 
orders  of  magnitude  greater  than  SOA  bulk  coolers). 
However,  thin  films  coolers  are  not  available  yet,  but  work  is 
in  progress  to  develop  them. 
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Abstract 

Recently  a  new  application  for  low-temperature  thermo¬ 
electric  modules  has  emerged  in  the  fields  of  biology  and 
medicine.  Laboratory  instruments  that  thermally  cycle  small 
biological  samples  for  purposes  of  DNA  amplification  are  now 
common  in  research  labs  throughout  the  world,  and  instruments 
based  upon  several  different  technologies  have  been  developed. 
Market  forces  are  increasing  showing  that  thermoelectrics  are 
very  well  suited  to  this  task,  but  several  hurdles  must  first  be 
overcome  in  order  to  build  a  quality  instrument.  Chief  among 
these  is  the  need  to  build  modules  optimized  for  thermal  cycling, 
and  data  are  presented  here  to  document  a  particularly  rugged 
design  of  module  that  works  well  in  this  demanding  application. 

DNA  Amplification  Technologies 

In  the  mid-1980’s,  Kary  Mullis  of  the  Cetus  Corporation 
developed  a  revolutionary  technique  for  accurately  identifying 
and  synthetically  amplifying  specific  molecules  of  DNA,  so 
that  sufficient  quantities  of  the  DNA  could  be  made  for  easy 
analysis  by  conventional  laboratory  techniques.1  The  DNA 
molecules-of-interest  serve  as  templates  for  iterative  replica¬ 
tion,  which  results  in  an  exponential  amplification  of  the  DNA. 

The  technique,  called  the  polymerase  chain  reaction  (PCR)2 
has  been  rapidly  adapted  by  investigators  throughout  the  life 
sciences  to  conduct  myriad  types  of  DNA  analysis,  including 
determining  the  nature  of  HIV-1  infection,3  discovering  the 
world’s  largest  organisms,4  or  even  policing  Japanese  restau¬ 
rants  for  the  species  of  whale  meat  served  at  the  sushi  bars.5  In 
fact,  James  Watson,  the  co-discover  of  the  structure  of  DNA, 
declares  PCR  to  be  a  “technique  that  [has]  transformed  the  way 
scientists  work”.6 

Subsequently,  several  related  methods  of  DNA  amplifica¬ 
tion  have  been  developed,  most  notably  the  ligase  chain  reac¬ 
tion  (LCR),  which  is  important  for  human  diagnostic  testing, 
and  thermal-cycle  sequencing ,  which  is  important  for  decoding 
large  quantities  of  DNA.  In  fact,  it  appears  that  cycle  sequenc¬ 
ing  will  be  the  method  used  in  the  Human  Genome  Project  to 
read  the  three  billion  bases  of  human  DNA,7  and  this  method¬ 
ology  will  likely  prove  to  be  important  to  the  Mouse  Genome 
and  the  Rice  Genome  Projects  as  well. 

These  biochemical  techniques  are  all  methods  of  syntheti¬ 
cally  amplifying  DNA  through  an  semi-automated  procedure, 
and  they  have  three  things  in  common:  1 )  they  use  one  or  more 
short  strands  of  synthetic  DNA — called  oligonucleotide  prim¬ 
ers — which  identify  the  specific  genetic  sequences  of  interest 
and  “prime”  them  for  subsequent  amplification;  2)  they  employ 
a  thermostable  enzyme  that  actively  catalyzes  the  biochemical 
reaction  at  the  molecular  level;  and  3)  they  require  the  use  of  a 
thermal-cycling  instrument  that  accurately  and  repeatedly  drives 


small  plastic  reaction  vessels  (typically  0.2ml  or  0.5ml  in 
capacity)  through  a  cyclical  thermal  regime,  usually  in  a  range 
between  4°  and  95°C.  The  microprocessor-controlled,  thermal 
cycler  “powers”  the  biochemical  reactions  in  effect,  and  this 
sort  of  laboratory  instrument  is  the  subject  of  discussion  here. 


Fig.  1  An  early  Peltier-effect  thermal  cycler.  This  is  an  MJ 
Research  PTC- 100  cycler,  first  introduced  in  1988,  which  was 
camoflaged  by  the  U.S.  Marine  Corps  for  field  use  in  Operation 
Desert  Storm.  It  has  a  temperature  range  of  0°- 1 00°C,  a  ramping 
rate  of  about  l°C/sec,  and  it  can  hold  60  x  0.5ml  plastic  tubes. 

History  of  Thermal  Cyclers  for  DNA  Amplification 

The  first  thermal  cycler  specifically  built  for  use  in  PCR  was 
an  instrument  constructed  by  Larry  Johnson  of  the  Cetus  Corpo¬ 
ration,  and  it  used  thermoelectric  modules  to  drive  0.5ml 
microcentrifuge  tubes  through  a  cyclical  thermal  regime.  How¬ 
ever,  the  thermoelectrics  available  at  that  time  were  unable  to 
withstand  for  long  the  various  stresses  caused  by  the  thermal 
cycling  that  PCR  requires.  In  fact,  the  modules  used  in  this  first 
“PCR  machine”  needed  to  be  replaced  monthly,  according  to 
Mullis.8  Thus  when  the  first  mass-produced  thermal  cyclers 
were  introduced  in  1 988  by  The  Perkin-Elmer  Corporation  (the 
strategic  partner  of  the  Cetus  Corporation),  they  were  vapor- 
compression  machines,  for  it  was  much  easier  for  Perkin  Elmer 
to  adapt  this  well-understood  technology  to  long  life  in  thermal 
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Fig.  2  Typical  performance  of  industry-standard  cooling  modules  in  cycling 
regime.  Nine  127-couple  Bi2Te3  modules  rated  at  9  amps  cycled  72g  A1  blocks 
between  70°  &  30°C  (with  one  minute  holds)  until  failure.  6  amps  constant  current 
applied  during  ramping,  PID  loop  during  holds,  heat  sink  kept  between  45°-50°C. 


Fig.  3  Typical  performance  of  “MJ  Module”  optimized  for  cycling.  Nine  128- 
couple  Bi2Te3  modules  rated  at  9  amps  cycled  72g  A1  blocks  in  the  same  protocol 
as  above,  with  various  data  points  representing  weekly  measurements.  Note 
average  lifetime  approximately  two  orders  of  magnitude  greater  than  unmodified 


cycling  applications. 

However,  shortly  after  the  Perkin-Elmer 
introduction,  two  small  U.S.  firms,  the  Coy 
Corporation  of  Michigan  and  MJ  Research, 

Inc.  of  Massachusetts,  introduced  thermal 
cycling  instruments  based  upon  bismuth-tel- 
luride  thermoelectric  technologies.  These 
two  companies  took  different  approaches  to 
lengthening  the  life  of  thermoelectrics  in  this 
application,  with  the  Coy  Corporation  using  a 
patented  cam  apparatus9  to  engage  and  dis¬ 
engage  the  thermoelectric  modules  so  that  the 
modules  were  only  used  for  cooling  pur¬ 
poses.  MJ  Research,  on  the  other  hand,  used 
compression-mounted  thermoelectric  mod¬ 
ules  bi-directionally,  as  reversible  heat  pumps, 
in  order  to  better  achieve  the  high  degree  of 
thermal  precision  required  to  drive  the  ampli¬ 
fication  reactions  accurately  and  precisely. 

MJ  Research  had  to  conduct  extensive  inves¬ 
tigation  into  the  construction,  the  finishing, 
the  quality  control,  and  the  electronic  control 
of  the  modules  in  order  to  achieve  the  neces¬ 
sary  life  extension.  This  research  culminated 
in  the  introduction  of  the  “MJ  Module”  in 
1991,  which  had  a  lifetime  in  this  application 
orders  of  magnitude  greater  than  what  was 
available  to  Larry  Johnson  five  years  earlier. 

Other  companies  experimented  with  dif¬ 
ferent  technologies  of  thermal  cycler.  In 
particular,  a  number  of  American,  British  and 
German  firms  constructed  instruments  that 
relied  upon  Joule  heating  of  metal  sample 
blocks,  and  tap  water  would  circulate  inter¬ 
nally  in  the  blocks  during  the  cooling  por¬ 
tions  of  the  thermal  regimes.  The  water  was 
generally  used  only  once,  and  after  it  became 
heated,  it  was  dumped  into  a  sink  and  drained 
as  sewage.  A  fourth  technology  of  thermal 
cycler  relied  upon  heating  the  sample  vessels 
directly  by  radiation  and  convection  from  a  halogen  light  bulb 
or  from  a  Joule  heater,  then  the  samples  would  be  cooled  by 
circulating  fan-forced  ambient  air  over  the  sample  vessels  to 
carry  away  excess  heat.10 

Needless  to  say,  neither  of  these  technologies  could  give  the 
more  precise,  bidirectional  control  that  can  be  achieved  by  use 
of  vapor-compression  or  thermoelectric  heat  pumps.  Nor  do 
these  designs  allow  incubation  temperatures  below  ambient, 
which  are  required  for  certain  protocols.  Indeed,  the  manufac¬ 
turers  of  these  “heat-only”  technologies  have  largely  dropped 
out  of  the  market  entirely,  or  they  have  developed  new  instru¬ 
ments  based  upon  thermoelectrics.11  Of  note  is  the  fact  that  the 
Coy  Corporation,  with  its  special  cam-actuated  thermoelectric 
mechanism,  also  appears  to  have  withdrawn  from  the  market, 
and  no  other  firm  has  mimicked  their  technology.  Perkin  Elmer 
and  one  other  U.S.  company  continue  to  manufacture  instru¬ 
ments  based  upon  vapor  compression,  but  this  technology  no 
longer  seems  to  be  regarded  as  state-of-the-art  in  the  market. 


Issues  in  the  Design  and  Manufacture  of  Thermal  Cyclers 

Potential  users  of  thermal  cyclers  generally  judge  instru¬ 
mentation  according  to  seven  criteria:  1 )  the  thermal  uniformity 
across  the  sample  block,  such  that  each  sample  vessel  experi¬ 
ences  the  same  thermal  history  as  its  neighboring  vessels;  2)  the 
accuracy  and  reproducibility  of  thermal  regimes — cycle-to- 
cycle,  run-to-run  and  machine-to-machine — so  that  standard 
protocols  give  similar  results  no  matter  where  they  are  used;  3) 
the  speed  of  thermal  ramping,  which  largely  determines  how 
fast  an  individual  run  can  be  completed  and  speed  sometimes 
improves  the  quality  of  the  biochemical  reaction,  4)  the  reliabil¬ 
ity  of  the  instrumentation,  5)  the  cost  of  acquisition  and  opera¬ 
tion,  6)  the  physical  size  of  the  instrument  relative  to  the  number 
samples  it  holds,  and  7)  the  versatility  in  the  types  of  samples 
vessels  that  the  instrument  will  accommodate.  In  general,  well- 
engineered  instruments  based  upon  thermoelectric  technology 
hold  clear  advantage  in  the  first  three  and  latter  two  categories, 
but  it  takes  careful  engineering  and  savvy  manufacture  to  obtain 
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Fig.  4  A  modern  Peltier-effect  thermal  cycler.  This  is  an  MJ 
Research  PTC-225  Tetrad,  introduced  in  late  ’95,  and  it  features  4 
independent,  interchangeable  sample-block/heat-pump  assem¬ 
blies.  This  cycler  has  a  thermal  range  of -5°-  105°C  and  a  ramping 
rate  of  up  to  3°C/sec.  It  can  hold  a  variety  of  reaction  vessels, 
with  a  total  capacity  of  up  to  4x384  =  1536  biochemical  reactions. 

advantages  in  reliability  and  cost  of  acquisition. 

Perhaps  the  most  important  factor  in  constructing  a  world- 
class  instrument  is  in  the  design,  the  construction,  and  the  appli¬ 
cation  of  the  thermoelectric  modules  used  in  the  devices,  because 
these  are  the  factors  that  have  the  greatest  effect  on  the  costs  and 
the  reliability  of  the  instrumentation.  To  this  end,  methods  must 
be  developed  to  reduce  the  various  stresses  experienced  by  the 
module,  including  the  external  stresses  imposed  upon  it,  as  well 
as  the  internal  stresses  generated  by  the  module  itself.  However, 
stresses  are  always  going  to  exist  to  some  degree  in  thermal 
cycling  applications,  so  the  module  must  be  designed  with  a 
particular  ruggedness,  to  better  withstand  these  strains. 

The  Optimized  “MJ  Module”  for  Thermal  Cycling 

The  results  of  the  work  we  have  conducted  can  be  seen  in  the 
above  graphs  where  the  cycling  lifetimes  of  two  similar  designs 
of  bismuth-telluride  modules  are  compared.  Fig.  2  shows  the 
results  from  a  population  of  nine  unmodified,  industry-stan¬ 
dard,  1 27-couple  bismuth-telluride  thermoelectric  modules  rated 
at  9  amps.  The  modules  were  put  through  a  test  protocol  in 
which  they  brought  72g  aluminum  blocks  to  70°C  for  one 
minute,  then  they  ramped  the  blocks  to  30°C,  which  was  held  for 
one  minute,  then  brought  the  blocks  back  to  70°C  for  one  minute 
and  so  on.  The  modules  were  supplied  a  constant  current  of  6 
amps  during  ramping  and  were  servoed  with  a  PID  loop  during 
incubation.  The  heat  sink  temperature  was  maintained  between 
45°  and  50°C  at  all  times.  The  modules  completed  approxi¬ 
mately  2200  cycles  per  week,  their  electrical  resistance  was 
measured  weekly  using  a  Wayne  Kerr  Model  4250  LCR  Meter 
with  a  Kelvin  four-terminal  connection,  and  the  resistance 
values  were  normalized  to  25°C.  Obviously,  the  standard 
cooling  modules  did  not  last  long  in  this  cycling  protocol,  with 
five  of  the  modules  failing  before  completing  even  500  cycles, 


one  lasted  about  a  1000  cycles,  and  the  remaining  three  were 
able  to  go  about  2500  cycles  before  failing. 

In  comparison,  Fig.  3  shows  a  population  of  nine  “MJ 
Module”  thermoelectrics  optimized  for  thermal  cycling  being 
put  through  the  same  test  protocol.  These  units  are  128-couple, 
9-amp  bismuth-telluride  modules  built  with  special  manufac¬ 
turing  and  quality  control  procedures,  and  they  last  much,  much 
longer  in  this  application.  Bear  in  mind  that  the  scale  on  the  x- 
axis  is  fifty  times  the  scale  of  Fig.  2,  and  four  of  these  modules 
are  still  going  after  nearly  a  quarter-million  cycles.  The  other 
five  modules  in  this  population  have  failed  at  various  points 
between  1 5,000  and  220,000  cycles.  Advances  in  reducing  the 
variance  in  module  lifetime  have  since  been  made,  and  this 
matter  continues  to  be  the  subject  of  ongoing  investigation. 

But  these  data  clearly  demonstrate  the  extraordinary  differ¬ 
ence  in  average  module  lifetime  between  industry-standard  and 
optimized  modules  in  cycling  applications — a  difference  of 
more  than  two  orders  of  magnitude.  As  a  thermal  cycler  in 
typical  laboratory  use  will  experience  5,000  -  20,000  thermal 
cycles  per  year,  optimized  thermoelectric  modules  must  be  used 
in  this  application,  if  the  instrument  system  is  to  have  long  life. 

Conclusion 

The  polymerase  chain  reaction  (PCR)  and  other  DNA  ampli¬ 
fication  techniques  have  led  to  the  development  of  several  tech¬ 
nologies  of  thermal-cycling  instruments  for  biomedical  labora¬ 
tories,  some  with  active  heat  pumps  and  some  without.  Since 
initial  development  of  these  DNA  techniques,  market  forces 
have  led  to  specific  criteria  by  which  thermal  cyclers  are  judged. 
Thermoelectric-based  instrumentation  has  excelled  in  these 
analyses;  however,  the  construction  of  these  machines  requires 
specialized  thermoelectric  modules.  MJ  Research  has  devel¬ 
oped  a  specific  technology  of  cycling  modules,  and  these  show 
a  hundredfold  increase  in  average  lifetime  in  this  application 
over  standard  cooling  modules  of  similar  design  and  materials. 
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Abstract 

The  high  content  of  water  in  natural  fruit  juices  suggests  the 
reduction  of  their  volume  by  its  elimination.  This  is  a 
concentration  process  for  juices  that  saves  space  and  reduces 
costs  for  storage,  transport  and  handling.  A  very  important 
part  of  the  industry  dedicated  to  the  production  of  fruit  juices 
produces  concentrated  juices  that  are  obtained  using 
conventional  refrigeration  cycles  based  on  gases  such  as  NH3. 
These  technologies  have  been  used  throughout  an  important 
number  of  years  with  successful  results.  However,  they  require 
special  care  with  the  replacement  and  use  of  the  fluids  needed 
and  for  maintenance  to  be  applied.  These  aspects  induce  to 
consider  and  to  propose  new  ways  of  cooling. 

This  paper  describes  the  main  features  of  a  prototype  of  a 
“cryoconcentration  cell”  for  obtaining  concentrated  orange 
juice.  This  development  is  being  supported  by  a  research 
project  within  the  program  of  the  CICYT,  a  Spanish 
Government  Agency  to  promote  R&D  activities.  The 
prototype  proposes  the  use  of  the  Peltier  effect  as  an 
alternative  to  the  traditional  methods  of  cryoconcentration 
using  the  aforementioned  conventional  techniques. 

The  cryoconcentration  cell  uses  a  set  of  thermoelectric 
elements  to  produce  the  cooling  conditions  able  to  convert  the 
excess  of  water  included  in  the  juice  into  ice  so  that  later  it  is 
possible  to  eliminate  it  and  to  concentrate  the  juice.  The 
orange  juice  will  be  the  hot  sink  in  our  application.  The  heat 
extracted  from  the  orange  juice  will  be  transferred  to  water  in 
circulation,  which  will  be  the  cool  sink. 

A  first  prototype  of  this  cell  was  constructed  in  aluminium 
f  1].  From  this  experience  another  prototype  was  constructed  in 
copper  which  is  an  improvement  over  the  first  one.  Both 
prototypes  of  cryoconcentration  cells  use  16  thermoelectric 
elements  on  both  main  sides  of  the  recipient  that  temporarily 
contains  the  juice. 

A  detailed  description  of  the  last  prototype,  its  design  and 
some  initial  results  obtained  will  be  presented  in  this  paper. 

Cryoconcentration  of  fruit  juices 

The  contents  of  water  in  natural  fruit  juices  is  between  85  and 
90  per  cent  of  their  total  volume.  This  high  content  of  water 
suggests  its  elimination  by  the  concentration  of  the  juice. 
This  process  will  save  important  costs  of  packaging,  transport 
and  storage. 


The  most  part  of  these  concentrated  juices  are  type  “three  plus 
one”,  that  is,  they  require  the  addition  of  three  volumes  of 
water  to  one  volume  of  juice  to  recover  the  original  product. 
The  degree  of  concentration  is  measured  in  Brix  degrees.  This 
unit  indicates  the  content  of  soluble  solids  of  the  concentrated 
product.  For  example,  if  three  volumes  of  water  are  added  to  a 
concentrated  juice  of  45  0  Brix  a  new  product  of  15  0  Brix 
results. 

Two  main  industrial  methods  exist  to  concentrate  natural 
juices  [2] [3]: 

-  Evaporation 

Different  versions  of  the  evaporation  method  exist,  but  in 
any  case  the  water  is  eliminated  by  the  addition  of  heat. 

-  Cryoconcentration 

This  is  the  process  of  cooling  juice  till  -8°C  to  obtain  ice 
and  fruit  juice,  because  the  freezing  point  of  this  is  around 
-12°C.  The  next  step  is  a  mechanical  separation  of  the  ice 
from  the  juice. 

The  cryoconcentration  of  fruit  juices  has  several  advantages  in 
respect  to  other  methods.  Some  of  them  are  the  following: 

-  Volatile  substances  are  not  lost  like  in  the  evaporation 
process.  This  is  important  to  keep  the  taste  and  aroma  of 
the  juice  intact. 

-  The  fermentation  and  growing  of  patogen 
microorganisms  is  disminished. 

-  This  process  is  cheaper  than  evaporation. 

Use  of  thermoelectricity  in  the  cryoconcentration 
process  as  an  alternative  to  current  methods 

Thermoelectricity  as  an  alternative 

The  cooling  requirements  to  be  reached  in  the  cryoconcentrated 
fruit  juices  are  within  a  range  where  it  is  possible  to  think  in 
the  use  of  thermoelectric  elements  to  fulfill  these 
requirements. 

In  order  to  investigate  this  new  application  of 
thermoelectricity,  a  research  project  with  this  objective  is 
being  developed  by  the  Instituto  de  Investigacion  Tecnologica 
(IIT)  belonging  to  the  Pontificia  Comillas  University.  This 
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project  is  a  subproject  within  another  bigger  project  in  which 
the  objetive  is  the  study  of  new  fruit  concentration  techniques. 
Three  Spanish  research  centers  have  collaborated:  Instituto  del 
Frio,  Complutense  University  and  IIT.  IIT  is  in  charge  of  the 
investigation  concerning  the  application  of  thermoelectricity 
techniques.  The  project  is  supported  by  the  CICYT,  a  Spanish 
Government  Agency  to  promote  R&D  activities.  A  first 
prototype  of  cryoconcentration  cell  using  aluminium  as  the 
main  material  for  heat  transferring  was  reported  in  a  previous 
publication  [1].  This  paper  starts  from  this  point  and  presents 
the  new  results  obtained. 

Industrial  use  of  the  cryoconcentration  of  fruit  juices 

In  order  to  understand  the  details  about  a  cryoconcentration 
industrial  process  of  natural  fruit  juices,  we  visited  an  industry 
of  orange  juice  concentration  that  used  the  cryoconcentration 
technique.  We  used  the  main  features  observed  in  the  process 
as  a  pattern  to  fit  our  development.  Such  features  are 
summarized  in  the  following  paragraph. 

Once  the  juice  is  obtained  from  the  oranges,  it  is  processed  to 
eliminate  microorganisms  and  put  to  cool.  The  cooling 
system  is  based  on  a  typical  NH3  circuit  with  strict 
requirements  of  maintenance  for  its  components.  This  system 
is  able  to  cool  the  juice  till  -10°  C  obtaining  ice  and  liquid 
juice  inside  the  ice.  The  thickness  of  the  ice  is  10  mm.  The 
next  step  to  obtain  the  concentrated  juice  is  a  mechanical 
separation  of  the  orange  juice  achieved  by  pressing  the  ice. 

Description  of  the  cryoconcentration  cell 

A  first  prototype  able  to  demonstrate  the  feasibility  of  the 
thermoelectricity  application  was  designed  and  built  using 
aluminum  as  the  main  material  to  transfer  heat  [1].  Using  this 
experience,  another  prototype  was  built  improving  both  the 
design  and  performance  characteristics  of  the  previous  one. 
This  new  prototype,  named  cryoconcentratation  cell  (in  short 
CC),  was  designed  using  copper  as  the  main  material  to 
transfer  heat.  As  in  the  previous  case,  the  new  CC  was 
designed  according  to  the  main  parameters  that  we  observed  in 
the  real  process.  These  are: 

-  Thickness  of  ice  produced:  10  mm 

-  Temperature  of  the  ice:  between  -8°  C  and  - 1 1°  C 

-  Recipient  containing  the  juice  suitable  for  human 
consumption 

Additional  requirements  to  the  prototype  were: 

-  Design  thinking  toward  an  industrial  use 

-  Modularity  and  interchangeability  of  CC 

-  Low  cost 

The  CC  objective  is  to  extract  heat  from  the  orange  juice  till 
freezing  its  water  content  (not  the  juice)  and  to  transfer  this 
heat  to  another  fluid,  in  the  present  prototype  water,  using  a 
set  of  thermoelectric  elements. 

The  CC  operation  is  like  a  heat  pump  [4]  where  the  orange 
juice  is  the  hot  sink  and  the  water  used  to  take  the  heat 
extracted  from  the  juice  is  the  cool  sink. 


According  to  these  requirements  the  CC  prototype  consists  of 
three  main  parts:  recipient  to  contain  the  orange  juice,  module 
of  thermoelectric  elements,  and  heat  exchanger.  A  description 
of  each  one  follows. 

Recipient  to  contain  the  orange  juice 

This  recipient  has  two  squared  parallel  sides  separated  10  mm 
to  store  the  orange  juice  to  be  concentrated.  This  separation 
corresponds  to  the  thickness  of  ice  necessary  to  obtain.  A 
representation  of  the  recipient  is  shown  in  figure  1 . 

The  recipient  was  made  of  stainless  steel.  This  material 
permits  a  good  heat  transfer  and  is  suitable  to  store  edible 
products.  The  orange  juice  is  introduced  and  removed  through 
side  A  (figure  1).  This  side  is  open  to  the  environment.  The 
aluminium  plates  C\  and  C2  permit  the  heat  transferring  from 
the  juice  to  the  heat  exchanger  using  the  module  of 
thermoelectric  elements. 


Figure  1 


Module  of  thermoelectric  elements 

The  CC  has  two  modules  of  thermoelectric  elements  attached 
outside  the  recipient  containing  the  orange  juice,  one  to  the 
surface  of  the  side  C]  (figure  1)  and  another  one  to  the  side 

C2- 

These  modules  consist  of  16  thermoelectric  elements  each. 
The  physical  disposition  of  the  elements  is  a  squared  matrix  of 
4x4  elements  equally  spaced.  The  12  outer  elements  are  type 
Marlow  model  DT-1089  and  the  4  inner  elements  are  type 
Marlow  model  DT-1069  All  these  elements  are  connected  in 
parallel  and  are  supported  by  a  copper  plate  that  fits  with  the 
side  C]  or  C2  of  the  recipient  that  contains  the  orange  juice. 
A  picture  of  this  module  is  shown  in  figure  2. 
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The  heat  exchanger  permits  the  circulation  of  water  coming 
from  the  general  external  water  network.  It  is  made  of  copper 
and  put  in  contact  with  the  hot  side  of  the  matrix  of 
thermoelectric  elements  to  transfer  the  heat  to  the  water. 

The  heat  exchanger  consists  of  two  elements.  The  first  one  is 
a  squared  plate  that  fits  to  the  dimension  of  the  module  of 
thermoelectric  elements  covering  it.  The  second  one  is  a 
cooling  coil  made  of  copper  pipe  running  along  the  surface  of 
the  plate.  The  cooling  coil  is  joined  to  the  plate  by  solder. 
The  cylindrical  pipe  was  deformed  to  obtain  a  plain  side  in 
contact  with  the  plate. 

The  water  flows  forced  through  the  pipe.  There  are  two 
exchangers,  one  for  each  thermoelectric  module.  A  picture  of 
the  heat  exchanger  is  shown  in  figure  3. 


Electric  supply  for  the  cryoconcentration  cell 

For  the  purposes  of  our  investigation,  three  DC  power  sources 
of  40,  40  and  120  A  supplied  the  32  thermoelectric  elements 
included  in  the  CC.  The  distribution  of  power  to  the 
thermoelectric  elements  is  according  to  the  scheme  presented 
in  figure  4. 

DC  POWER  THERMOELECTRIC 

SOURCES  ELEMENTS 


(120A) 


Figure  4 

Cryoconcentration  cell  monitoring 

In  order  to  test  the  CC,  several  sensors  were  installed.  These 
sensors  collect  the  temperatures  at  various  key  points  of  the 
design.  Thermocouples  type  K  of  2  mm  thickness  were  used 
for  temperature  measurement  in  the  cooling  side  of  the 
thermoelectric  elements.  The  distribution  of  sensors  in  the  CC 
is  shown  in  figure  5. 


Figure  5 

The  description  of  the  measurements  indicated  in  figure  5 
follows: 


Thermocouple 


Figure  3  j 

2 

Several  CC  can  be  used  in  an  industrial  process  working  in  3 

parallel.  The  modular  construction  of  the  CC  allows  the  easy  4 

change  of  any  element  if  it  should  be  necessary.  5 

6 


Cool  sideTE  14 
Hot  side  TE  14 
Cool  side  TE  30 
Hot  side  TE  30 
Cool  side  TE  10 
Hot  side  TE  10 
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7  Cool  side  TE  2 

8  Hot  side  TE  2 

9  Juice  in  the  middle 

10  Water  input 

1 1  Water  output 

The  TE  (Thermoelectric  Element)  numbers  14  and  30  are  on 
the  same  horizontal  level  on  opposite  sides  of  the  recipient 
containing  the  juice.  The  TE  numbers  10  and  30  are  on  the 
same  vertical  level  on  the  same  side  of  the  recipient 
containing  the  juice. 

The  thermocouples  were  connected  to  a  datalogger  and  this  to 
a  PC.  A  programme  running  in  the  PC  was  able  to 
automatically  collect  the  data  from  the  sensors. 

The  water  flow  circulating  inside  the  heat  exchanger  was 
measured  using  a  counter  not  connected  to  the  datalogger. 

The  consumption  of  electrical  power  used  was  noted  reading 
the  external  panel  of  each  DC  power  source. 

Cryoconcentration  cell  performance 

The  CC  has  been  tested  in  several  working  conditions  and  the 
results  obtained  have  been  analyzed  to  compare  the 
performance  observed  with  this  design. 

The  different  working  conditions  were  obtained  changing  the 
DC  current  supplied  to  the  thermoelectric  elements  because 
this  parameter  is  the  easiest  to  change  for  different  tests.  The 
temperature  of  the  water  circulating  inside  the  interchanger  is 
fixed  by  the  water  network.  The  flow  of  the  water  was  also 
difficult  to  control  because  very  small  flows  were  required  in 
the  testing  and  a  high  precission  flowmeter  was  not  available. 
According  to  these  restrictions,  it  was  only  possible  to  easily 
change  the  DC  current. 

Tests  were  done  several  times  at  2,  3,  3.5,  4  and  5  A  per 
thermoelectric  element.  In  the  entire  test  a  pre-fixed  flow  of 
water  running  along  the  heat  exchanger  was  used  and  orange 
juice  was  obtained  from  market  oranges. 

The  following  figures  show  the  CC  performance  for  3.5  A  as 
an  example  of  the  results  obtained. 

The  evolution  of  the  input  and  output  water  temperature  in  the 
heat  exchanger  is  presented  in  figure  6.  In  this  figure  the 
temperature  of  the  water  input  is  constant  (17.8  °C)  and  is 
fixed  by  the  water  network  of  the  laboratory.  The  temperature 
of  the  water  output  increases  to  22.8  °C  when  the  CC  is 
supplied  by  DC  current.  The  decreasing  trend  of  this 
temperature  is  similar  to  that  observed  in  the  hot  side  of  the 
thermoelectric  elements  (see  figure  8).  The  difference  between 
water  output  and  the  hot  side  of  the  thermoelectric  elements  is 
around  13  °C. 

The  evolution  of  the  orange  juice  temperature  is  presented  in 
figure  7.  This  figure  shows  a  decrease  in  the  juice  temperature 
after  the  thermoelectric  elements  are  connected  (90  s)  till  -8 
°C,  a  temperature  convenient  for  juice  concentration  by 
conversion  of  water  into  ice.  The  effect  of  this  conversion  is 


observed  by  a  change  in  the  decreasing  trend  around  the  mark 
200  in  figure  7. 


13.02.96  3  5A 


Figure  6.  Water  temperature 

13.02.96  3.5A 


The  typical  evolution  on  the  hot  and  cool  sides  of  the 
thermoelectric  elements  is  shown  in  figure  8.  The  point  where 
the  water  is  converted  into  ice  is  discovered  by  the  change  of 
the  decreasing  slope.  The  difference  between  the  hot  and  cool 
side  can  be  observed  at  about  42  °C. 


13  02  96  3  5A 


Figure  8.  Thermoelectric  element  temperature 

In  figure  9,  the  evolution  of  the  4  temperatures  measured  in 
the  cool  sides  of  the  thermoelectric  elements  is  presented.  The 
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two  lower  curves  in  the  figure  correspond  to  the  monitored 
elements  in  the  bottom  of  the  CC  and  the  other  two  to  the 
elements  located  in  the  top.  Also  in  the  figure,  it  is  possible 
to  observe  that  the  conversion  from  water  to  ice  occurs  in  the 
bottom  of  the  CC  before  it  does  in  the  top. 


13.02.96  3.5A 


Figure  9.  Cool  side  temperatures  in  themoelectric  elements 

For  the  test  analyzed  in  figures  6  to  9  (3.5  A),  the  average 
values  measured  for  heat  and  electrical  power  are  the 
following:  heat  in  the  heat  excanger  950W,  heat  extracted  in 
the  juice  210W,  heat  in  the  cool  side  of  the  module  of  the 
thermoelectric  elements  280W,  electrical  power  1 130W. 

These  results  demonstrate  that  the  CC  can  be  used  for  orange 
juice  cryoconcentration.  The  water  is  converted  into  ice,  but 
the  juice  is  liquid.  The  heat  exchanger  works  heating  the  cool 
water  as  it  was  expected. 

Tests  for  2,  3,  4  and  5  amperes  show  a  similar  performance  in 
the  evolution  of  the  variables.  However  the  performance  is 
degraded  when  the  higher  current  is  used.  The  recommendable 
range  for  an  industrial  application  would  be  around  3  or  4 
amperes. 

The  CC  COP  (ranged  0.3-0.2)  is  lower  than  the  conventional 
cooling  cycles  used  for  cryoconcentration.  However,  the  costs 
and  requirements  for  operation  could  also  be  lower.  Now,  an 
economical  investigation  around  these  points  is  being  done  to 
complete  the  CC  studies.  The  first  task  that  it  is  currently 
being  developed  is  the  substitution  of  part  of  the  energy 
required  for  the  thermoelectric  elements  by  energy  coming 
from  the  sun  using  the  photovoltaic  effect. 

Conclusions  and  future  work 

In  this  paper  the  investigation  of  the  possible  application  of 
thermoelectricity  to  the  cryoconcentration  of  orange  juice  has 
been  presented. 

For  the  purpose  of  this  investigation  a  prototype  of 
“Cryoconcentration  Cell”  able  to  reach  the  cryoconcentration 
objectives  has  been  described.  Design  criteria,  component 
description,  test  facility  and  performance  results  have  also 
been  shown. 


This  prototype  of  CC  is  based  on  a  previous  published 
experience  [lj.  The  new  prototype  presented  uses  copper  as  the 
material  for  transferring  heat  and  the  design  defects  observed 
have  been  improved. 

The  performance  tests  demonstrate  that  the  CC  works 
according  to  the  design  criteria.  This  is  to  say,  the  CC  is  able 
to  produce  liquid  orange  juice  inside  the  ice  coming  from  the 
water,  like  the  conventional  cooling  cycles  used  for 
cryoconcentration.  The  thermoelectric  elements  work  cooling 
the  juice  and  heating  the  water  circulating  in  the  cooling  coil. 

Now,  more  investigation  is  being  done  improving  details  to 
transfer  this  technology  to  industry.  For  this  purpose,  8 
photovoltaic  modules  have  recently  been  installed  to  supply 
part  of  the  DC  power  required  for  the  thermoelectric  elements. 
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Abstract 


This  paper  presents  the  conceptual  design  of  a  novel  thermo¬ 
electric  cooler  and/or  heater  utilizing  the  heat  transfer  effect 
due  to  forced  convection.  A  porous  thermoelectric  converter 
combined  with  a  reciprocating  flow  system  in  which  the  flow 
direction  of  air  passing  through  the  element  is  reversed  after 
regular  intervals  is  proposed.  This  flow  system  in  effect  makes 
the  thermal  conductivity  insignificant  and  contributes  toward 
the  achievement  of  a  high  efficient  cooler  and/or  heater.  For 
the  first  phase,  a  one- dimensional  numerical  analysis  is  per¬ 
formed  to  examine  the  detailed  characteristics  of  the  device 
by  systematically  varying  the  relevant  thermo-fluid  parame¬ 
ters.  In  particular,  the  flow  velocity  and  the  porosity  of  the 
thermoelectric  elements  are  the  most  important  parameters 
which  directly  affect  the  system  performance.  For  example 
in  a  porous  thermoelectric  cooler,  the  lowest  temperature  of 
air  is  approximately  —20  °C  for  an  ambient  temperature  of 
27  °C  ,  which  is  attained  with  a  flow  velocity  u=0.35  m/s,  a 
material  porosity  e=0.5,  and  2.5  cm  thick  thermoelectric  el¬ 
ements.  As  a  notable  feature,  the  temperature  of  the  cooling 
section  of  the  system  varies  considerably  with  the  velocity, 
and  it  attains  a  minimum  at  u— 0.35  m/s.  Subsequently,  on 
the  basis  of  the  proposed  cooling  system,  an  extended  con¬ 
cept  aimed  to  realize  commercial  coolers  and/or  heaters  is 
briefly  discussed. 


Nomenclature 


A 

Cp 

Cs 

dp 

h 

h>e 

3 

P 

Q 

Qc 

re 

T 

To 

Tex 

T 

±  min 

AT 

AT0 

t 

u 

VlBat 

X 

Xe 

Xp 

Z 


surface  area  of  an  equivalent  particle 

specific  heat  of  gas 

specific  heat  of  solid 

diameter  of  solid  particle 

heat  transfer  coefficient 

heat  transfer  coefficient  of  end  surface 

electric  current  density 

input  power 

heat 

absorbing  heat 

internal  specific  electric  resistance 
temperature 

inlet  air  temperature  (  =  300  ) 

outlet  air  temperature 

average  temperature  in  the  center  porous 

temperature  difference  (  =  T+—  T"  ) 

temperature  difference  (  =  To  -  T min  ) 

time 

flow  velocity 
battery  voltage 
axial  coordinate 

thickness  of  thermoelectric  module 
thickness  of  porous  material 
figure-of-merit  (  —  a2a/Xs  ) 


l/m] 

kJ/kgK 

kJ/kgK; 

m] 

W/m2K] 

W/m2K] 

A/m2] 

:W] 

W/m2] 

W/m2] 

fim] 

K] 

K 

K 

K 

K 

K 

s] 

m/s] 

[V] 

cm 

cm 

cm 

[l/K] 


Greek  Symbols 

'  V/K] 

cm] 


a  :  Seebeck  coefficient 

6  :  control  volume 


[W/mK] 
[kg/m3] 
[S/m] 

[s] 

Superscripts  and  Subscripts 

+  :  hot  junction 

—  :  cold  junction 

J  :  Joule  heat 

P  :  Peltier  heat 

s  :  solid 


e  :  porosity 

A  :  thermal  conductivity  of  gas 

p  :  density 

a  :  electric  conductivity  (  =  l/re  ) 

r  :  half  cycle 

(j>  :  coefficient  of  performance  (COP) 


Introduction 

An  important  advantage  of  thermoelectric  (TE)  converters  is 
that  they  have  no  moving  parts;  therefore  they  are  extremely 
reliable.  Nevertheless,  the  progress  in  the  development  of  TE 
converters  has  stagnated  because  of  the  limitation  in  the  effi¬ 
ciency  of  present  systems  and  the  high  specific  cost  of  power 
generation.  To  the  best  of  our  knowledge,  there  is  not  any  TE 
device  with  a  performance  level  comparable  to  that  of  conven¬ 
tional  converters.  Even  for  the  newest  TE  power  generators, 
the  efficiency  attained  is  at  most  10  %  which  is  considerably 
lower  than  any  other  conventional  system.  They  are  only 
utilized  for  power  generation  in  remote  locations,  onboard 
spacecraft  and  in  places  where  waste  heat  can  be  recovered. 
In  other  words,  the  present  market  for  TE  generators  is  very 
restricted. 

Recent  studies  have  been  directed  toward  the  development 
of  materials  in  order  to  obtain  an  increase  in  the  figure-of- 
merit,  while  proper  design  and  optimization  of  TE  devices  in 
energy  conversion  systems  have  received  less  attention.  This 
is  because,  for  the  development  of  energy  conversion  systems, 
the  derivation  of  a  thermal  model  employing  accurate  calcu¬ 
lations  for  fluid  mechanics  and  heat  transfer  requires  versatile 
methods,  and  this  tends  to  invest  time  and  effort  significantly 
for  thermoelectricians.  In  order  to  realize  a  high  efficient  TE 
converter,  one  needs  to  discuss  the  thermal  structure  of  TE 
devices  based  on  the  recent  development  in  thermal  engineer¬ 
ing,  in  particular,  in  the  light  of  thermo-fluid  mechanics. 

The  energy  efficiency  of  TE  devices  is  usually  described  by 
the  product  of  the  Carnot  efficiency  at  a  constant  tempera¬ 
ture  of  the  hot  junction,  and  the  irreversible  efficiency  of  the 
system.  However,  the  conventional  Carnot  efficiency  of  the 
TE  device  actually  makes  no  sence,  because  the  temperature 
of  the  hot  junction  is  neither  known  or  constant  in  real  world 
cooling  and/or  heating  systems.  If  no  heat  loss  is  exist,  the 
Carnot  efficiency  is  simply  defined  by  the  temperature  of  the 
hot  and  cold  junction.  In  actual  cases,  the  irreversible  heat 
by  conduction  and  Joule  heat  impose  severe  limitation  on  the 
improvement  of  the  efficiency.  To  minimize  their  adverse  ef¬ 
fects,  a  system  which  includes  an  effective  means  for  realizing 
the  appropriate  temperature  difference  between  junctions  is 
necessary  [1]. 
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As  one  novel  approach,  utilization  of  the  convective  heat 
transfer  by  introducing  an  air  flow  through  a  porous  TE 
element  is  proposed  [2].  By  adjusting  the  flow  parameters 
that  control  the  convective  heat  transfer,  the  conduction  heat 
losses  can  be  recovered.  In  this  way,  the  overall  heat  pattern 
is  changed,  making  it  possible  to  obtain  a  higher  level  of  effi¬ 
ciency  for  TE  devices.  In  the  present  study,  a  reciprocating 
flow  system,  in  which  air  is  introduced  alternately  from  both 
ends  of  the  device  with  a  periodical  change  of  flow  direction, 
is  proposed. 

The  detailed  mechanism  of  the  present  system  is  examined 
by  focusing  on  the  trapezoidal  temperature  profile  which  is 
sustained  through  the  heat  balance  between  the  convective 
heat  exchange,  Joule  heat,  and  Peltier  heat  generated  in  solid 
thermoelectric  elements. 


Basic  Concept  and  Conprehensive  Features 

Many  notable  characteristics  of  reciprocating  flow  in  porous 
medium  embodied  in  superadiabatic  combustion  system  have 
been  reported  in  past  years.  In  particular,  as  a  unique  feature 
of  the  system,  the  typically  trapezoidal  temperature  distribu¬ 
tion  in  the  porous  medium  has  been  demonstrated  [2,  3].  This 
temperature  profile,  depicted  in  Fig.l,  contributes  greatly  to¬ 
ward  the  realization  of  highly  efficient  heaters  and/or  coolers. 
For  example  in  the  TE  cooler,  ambient  air  entering  from  one 
end  cools  the  hot  junction  at  the  inlet  surface  and  releases 
the  waste  heat  at  the  another  end  until  the  flow  direction 
changes.  The  air  flowing  in  this  way  effectively  decreases  the 
temperature  of  the  center  part  of  the  device. 

For  the  first  phase,  to  find  an  optimum  working  condition  for 
the  highly  efficient  cooler,  a  one-dimensional  numerical  anal¬ 
ysis  is  conducted  to  examine  the  detailed  characteristics  of 
the  device  by  systematically  varying  the  relevant  parameters. 
As  shown  in  Fig.l,  a  pair  of  porous  TE  elements  with  thick¬ 
ness  xe  are  located  with  a  spacing  xp  in  an  insulated  chan¬ 
nel,  and  plain  porous  material  of  thickness  xp  is  inserted  in 
the  space  between  the  two  elements.  The  insulated  channel 
is  nonporous  elsewhere.  For  each  TE  element,  D.C.  power 
is  supplied  in  order  to  sustain  a  constant  electric  potential 
between  the  hot  and  cold  junctions.  The  flow  direction  is  re¬ 
versed  at  regular  intervals  r,  which  represents  the  half  cycle 
of  the  operation. 

Further  assumptions  taken  are  that: 

•  the  flow  and  heat  transfer  are  one- dimensional. 

•  the  flow  velocity  is  constant  during  each  half  cycle. 

•  the  physical  properties  are  constant. 

Mathematical  Formulation 

With  the  preceding  assumptions  the  energy  equation  for  both 
gas  and  solid  phases,  taking  into  account  the  thermoelectric 
terms,  can  be  formulated  as  follows: 

•  Gas  phase  in  free  space 


•  Plain  porous  medium  of  porosity  e 

/ 1  ,  dTs  _  d2Ts 

(1  e)psCs~dt  -  {l~e)Xs~w 

+  Ah(T  -  Ts)  (4) 

The  surface  area  of  an  equivalent  particle  per  unit  volume  A 
can  be  written  in  the  form: 

6(1-0 


The  heat  transfer  coefficient  h  is  given  by: 


where  the  constant  “2”  is  the  familiar  Nusselt  number  in 
thermo-fluid  mechanics  [4]. 

For  the  hot  and  cold  junctions,  located  at  x=Xi ,  £4  and 
x=x2 ,  xz  respectively,  boundary  conditions  are  given  by  in¬ 
troducing  the  Peltier  heat  terms  into  the  energy  equations 
at  each  junction.  Equations  (3),  (4)  are  integrated  over  the 
control  volume  6  at  x  =  rci,  *  •  • ,  x±\ 

•  For  the  hot  junction  at  x=x\ 


dT  dT  d2T 

•  Gas  phase  in  porous  medium  of  porosity  e 

dT  dT  d2T  /m 

+  pcpu-^  =  AHT -T.) 

•  Thermoelectric  porous  medium  of  porosity  e 


(1) 

(2) 


n  t  dT‘ 

(1  -e)pscs  — 

1  -  e  ,  dTs  Qt 

=  —  Jt+Q'  +  Ah^T-T-’>  <7> 

•  For  the  hot  junction  at  x—x^ 


(3) 
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M  n  dT‘ 

(l-e)pscs  — 

1-e,  3TS  Q+ 

=  «  +c>’  +  Ah'(T-T‘) 
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(8) 


where  he  represents  the  sum  of  the  heat  transfer  coefficient 
of  the  porous  end  surface  and  h  which  is  the  heat  transfer 
coefficient  between  porous  medium  and  gas  phase,  given  by 
eq.(6).  Here,  the  heat  transfer  coefficient  h  is  much  higher 
than  those  at  the  end  surfaces.  We  assume  that  the  end 
surfaces  have  no  influence  on  the  energu  balance  of  the  porous 
TE  device.  Therefore,  he  is  approximated  as: 

he  ~  h  .  (9) 

•  For  the  cold  junction  at  x—x 2,  £3 

M  *  dT* 

(l-e)psc$  — 

Izl  _  izl  A 

2S  S  dx  x+S  2S  S  dx  x-S 

-%r  +  Qj  +  Ah(T-Ts)  (10) 


The  Joule  heat  and  the  Peltier  heat  are  evaluated  in  terms 
of  the  electric  current  density  j  and  the  battery  voltage  Vsat 
imposed  on  the  open  circuit  of  the  element.  They  are: 

•  Joule  heat 


Qj 


=  3 


re 

l-e 


(l-cXVBat-aAT,)2 

re  xe2 


•  Peltier  heat 


Q$=j<*T± 

=  (l-e){VBat-a&Tt)aT± 

r  e  xe 


(ii) 


(12) 


Results  and  Discussion 

Basic  features  of  the  porous  TE  cooler 
Here,  the  figure-of-merit  of  the  porous  TE  elements  is  as¬ 
sumed  to  be  ZT0  =  1,  which  is  the  most  likely  performance 
for  future  TE  materials.  Other  relevant  physical  properties 
are  assumed  to  be  the  same  as  for  Bi2Te3-based  TE  materi¬ 
als.  They  are  shown  in  Table  1. 


Table  1  Physical  properties 


Specific  heat  cs 

0.169  kJ/kgK 

Thermal  conductivity  Xs 

2.00  W/mK 

Density  ps 

7.67  x  103  kg/m3 

Electric  conductivity  a 

1.20  x  105  S/m 

Because  the  flow  velocity  u  (  or  the  TE  element  thickness 
xe  )  and  the  porosity  of  materials  e  are  expected  to  be  the 
most  important  parameters  which  directly  affect  the  device 
performance,  a  series  of  computations  to  systematically  study 
their  influence  have  been  carried  out.  The  thickness  of  the 
porous  TE  element  xe  and  of  the  porous  material  xp  are  taken 
to  be  2.5  cm  and  5  cm,  respectively.  During  calculations, 
a  relative  convergence  criterion  of  10 ~6  is  specified  for  the 
iterations  and  an  overall  energy  balance  of  approximately 
1%  (  maximum  4%  )  is  achieved  for  most  of  the  cases. 


Porous  medium 


Fig.2  Gas  temperature  profiles  in  the  device 


Before  proceeding  to  a  detailed  discussion  of  the  results, 
some  of  the  fundamental  features  of  the  reciprocating  flow 
system  are  briefly  introduced.  Figure  2  shows  the  typical 
temperature  distribution  developed  within  the  device.  The 
figure  shows  temperature  profiles  of  gas  phase  at  the  end  of 
a  half  cycle  t  just  before  the  flow  direction  is  reversed.  It 
can  be  seen  that  inside  both  porous  TE  elements,  temper¬ 
ature  distributions  with  steep  gradients  are  sustained  and 
that  the  portion  with  the  lowest  temperature  in  the  device 
is  established  along  the  entire  length  of  the  center  porous 
medium  (z=5~10cm).  Air  of  initially  ambient  temperature 
T0  coming  from  the  outside  with  velocity  0.1  m/s  is  heated 
when  it  reaches  the  hot  junction  (£i=2.5cm).  Thereafter, 
the  temperature  rapidly  decreases  as  the  air  travels  through 
the  porous  TE  element,  until  it  reaches  the  upstream  cold 
junction  (£2=5cm).  Then,  the  air  passes  through  the  center 
porous  medium  with  constant  temperature  until  it  reaches 
the  downstream  cold  junction  (£3— 10cm).  Here,  the  air 
is  further  cooled  down  by  the  Peltier  heat  absorption  be¬ 
fore  it  is  heated  on  its  way  to  the  downstream  hot  junction 
(£4=12. 5cm),  and  finally  leaves  the  porous  body  with  a  tem¬ 
perature  Tex  at  £4 =12. 5cm.  On  the  other  hand,  the  effect 
of  input  power  on  the  gas  temperature  profile  is  not  mono¬ 
tonic;  the  lowest  temperature  is  observed  for  P=10  kW/m2. 
This  is  because,  with  the  increasing  input  power  P,  the  Joule 
heat  becomes  dominant  over  conduction  and  Peltier  heat,  al¬ 
though  simultaneously  the  temperature  difference  between 
the  center  and  outlet  of  TE  device  increases.  It  is  evident 
that  for  a  proper  power  input  and  flow  velocity,  the  air  pass¬ 
ing  through  the  device  effectively  decreases  the  temperature 
of  the  cold  junction  at  the  upstream  by  cooling  the  hot  junc¬ 
tion  at  the  upstream  face  of  the  device. 

The  dependence  of  the  average  temperature  in  the  center 
porous  Tmin  on  the  current  density  j  of  TE  elements  for 
various  flow  velocities  u  is  shown  in  Fig. 3.  The  broken  line 

( - )  and  open  circles  (o)  denote  the  variation  of  Tm;n  with 

j  for  a  flow  velocity  u— 0.1  m/s.  It  is  found  that  for  the  value 
of  ji=0.48xl05  A/m2,  Tm;n  achieves  its  minimum.  If  one 
analyzes  equations  (11)  and  (12),  the  relationship  between 
these  two  variables,  Tmin  and  j,  becomes  evident.  The  lowest 
temperature  in  the  device  is  achieved  as  a  result  of  the  heat 
balance  between  the  Joule  heat,  which  varies  with  the  square 
of  current  density,  and  the  Peltier  heat,  which  varies  linearly 
with  the  current  density  i.e.  Tm;n  varies  parabolically  with 
the  current  density  j.  Therefore,  the  system  provides  an  opti- 
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Current  density  j  [  X  10 5  A/m2  ] 
Fig.3  j  vs.  Tmin  for  various  flow  velocities  u 


mum  Tmin  at  a  certain  current  density  as  indicated  by  a  filled 
circle  (•)  on  the  broken  line.  In  addition,  the  value  of  the  op¬ 
timum  Tmin  strongly  depends  on  the  flow  velocity.  The  vari¬ 
ation  of  the  optimum  Tmin  with  the  flow  velocity  u  is  plotted 
by  filled  circles  (•)  in  Fig.3.  In  the  present  system,  Tmin  at¬ 
tains  a  minimum  for  u=0.35  m/s  and  j=0.91xl05  A/m2.  It 
is  understood  that  for  low  flow  velocities,  hot  junctions  at 
both  end  faces  are  not  sufficiently  cooled  by  the  air  because 
of  the  low  heat  transfer  by  weak  convection.  Consequently, 
this  leads  to  a  small  temperature  decrease  in  cold  junctions 
because  the  temperature  difference  between  the  cold  junction 
and  the  hot  junction  is  sustained  by  the  constant  power  input 
through  the  Seebeck  effect.  On  the  other  hand,  for  very  high 
flow  velocities,  despite  a  sufficient  cooling  of  the  hot  junc¬ 
tions  by  the  air  flow,  the  temperatures  at  the  cold  junctions 
do  not  decrease.  This  is  because  for  high  flow  velocities,  the 
obtainable  temperature  difference  in  the  elements  decreases 
owing  to  the  Joule  heat  which  transferred  the  downstream 
TE  element  as  a  result  of  the  strongly  forced  convection. 

Figure  4  shows  the  dependence  of  the  average  temperature 
in  the  center  porous  Tmin  on  the  current  density  j  of  TE  el¬ 
ements  for  various  material  porosities  e.  A  similar  behavior 
as  shown  in  Fig.3  can  be  observed  for  the  relation  between 
Tmin  and  e.  The  value  of  the  electrical  current  density  which 
gives  an  optimum  Tmin  increases  with  an  increase  in  the  ma¬ 
terial  porosity.  The  optimum  Tmjn  has  a  minimum  when 
e=0.5  for  a  flow  velocity  u=0.35  m/s  and  a  current  density 
j=0.91xl05  A/m2.  For  this  case,  the  electric  energy  in  the 
porous  body  plays  an  important  role  in  establishing  the  opti¬ 
mum  Tmin.  Under  the  condition  of  a  constant  flow  velocity, 
an  increase  in  the  material  porosity  e  allows  a  decrease  in  the 
electric  energy  of  the  porous  TE  elements  (j  x  Vsat),  thus 
leading  to  a  decrease  in  the  rate  of  heat  absorption  at  the 
cold  junctions.  On  the  contrary,  the  electric  energy  in  the 
porous  TE  body  decreases  with  decreasing  material  poros¬ 
ity;  this  causes  a  smaller  temperature  difference  between  the 
hot  and  cold  junction. 


Current  density  j  [  X  10‘5  A/m2  ] 

Fig.4  j  vs.  Tmin  for  various  material  porosities  e 


Performance  of  the  porous  TE  cooler 

In  this  section,  the  cooling  performance  of  the  porous  TE  de¬ 
vice  is  examined  by  taking  into  account  the  foregoing  results 
which  allow  proper  design  for  the  optimum  cooling. 

After  the  essential  thermal  behavior  of  the  cooling  device 
has  been  revealed,  the  next  step  in  the  design  optimization 
process  is  to  calculate  the  coefficient  of  performance  (COP) 
(j).  Additional  computations  are  conducted  for  the  cooling 
device,  including  heat  sinks  qc  which  are  located  on  both 
end  faces  of  the  center  porous  medium.  For  the  calculation, 
relevant  parameters  except  for  the  rate  of  the  heat  absorption 
are  specified.  This  includes  u=0.35  m/s,  6=0.5,  and  r=10  s. 
These  values  are  expected  to  yield  the  optimum  cooling  in 
the  device  under  consideration.  On  the  other  hand,  the  rate 
of  the  heat  absorption  is  varied  systematically  to  obtain  a  set 
of  COP  curves. 

The  device  performance  parameters  to  be  calculated  are  spec¬ 
ified  at  a  constant  inlet  air  temperature  To=300  K,  contrary 
to  that  conventionally  specified  at  a  constant  hot  junction 
temperature,  since  the  hot  junction  temperature  T5+  plays  a 
minor  role  in  evaluating  the  COP  of  this  device. 

Figure  5  shows  both  the  dependence  of  the  rate  of  heat 
absorption  qc  on  the  electrical  current  density  j  and  the 
COP  of  cooling  mode  for  several  temperature  differences 
ATo(=T0  —  Tmin). 

The  figure  shows  typical  performance  curves  and  a  maximum 
cooling  qc  =  6  kW/m2,  together  with  a  COP  <j>  ~  0.6,  which 
is  attained  for  j  ~  lx  105  A/m2.  The  cooling  performance  re¬ 
markably  decreases  with  an  increasing  temperature  difference 
when  compared  with  conventional  TE  modules.  However, 
note  that  one  can  not  simply  compare  the  corresponding  per¬ 
formance  curves  with  that  of  conventional  TE  modules.  This 
is  because  in  conventional  TE  coolers  which  consist  of  heat 
sinks,  TE  modules  and  exchangers,  significant  thermal  resis¬ 
tances  existing  between  the  cold  sink  and  the  cold  junction, 
and  between  the  hot  junction  and  the  exchanger,  can  not  be 
avoided.  Therefore,  overall  system  efficiencies  of  conventional 
TE  coolers  are  lower  than  expected  on  the  TE  “module”  per¬ 
formance  curves.  In  other  words,  in  the  proposed  device,  the 
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Fig. 5  AT0  and  COP 
(w=0.35  m/s,  6=0.5,  r— 10  s  ) 


Fig.6  Extended  system  schemes 

(a) ,  (d)  :  Porous  TE  cooler 

(b) ,  (c)  :  Porous  TE  heater 


heat  is  mainly  transferred  by  the  effect  of  convection,  unlike 
in  conventional  cooling  systems.  Therefore,  thermal  resis¬ 
tances  present  among  constituent  items  have  fairly  small  in¬ 
fluence  on  the  device  performance.  Thus  good  thermoelectric 
performance  can  be  achieved  in  the  present  system. 

Extended  application  of  the  porous  TE  device 
The  preceding  discussion  revealed  that  the  present  porous 
TE  device  has  tremendous  potential  as  a  cooler  with  a  high 
thermal  efficiency.  However,  the  analytical  model  developed 
in  this  paper  provides  only  a  conceptual  means  for  optimizing 
the  cooling  system,  thus  more  extensive  parametric  computa¬ 
tions  as  well  as  detailed  information  about  thermal  engineer¬ 
ing  aspects  of  a  favorable  system  design  are  needed  before  the 
application  of  this  device  to  an  actual  heating  and/or  cool¬ 
ing  system.  In  the  following,  the  emphasis  is  placed  on  the 
system  design  rather  on  the  extended  mathematical  analysis. 
In  Fig.6,  feasible  designs  of  coolers  and  heaters  utilizing  the 
porous  TE  element  are  introduced. 

Figures  6— (a)  and  6— (d)  show  the  extended  design  of  coolers, 
while  figures  6— (b)  and  6— (c)  show  that  of  heaters.  For  the 
cooler  (a),  a  couple  of  porous  TE  elements  are  collocated 
with  a  spacing  in  an  insulated  nonporous  channel.  However, 
no  object  is  inserted  between  elements,  unlike  the  porous 
TE  device  which  was  discussed  throughout  this  paper.  The 
heater  (b)  is  accomplished  by  simply  reversing  the  electric 
polarity  of  the  cooler  (a).  For  systems  (c)  and  (d),  heat 
exchangers  are  installed  in  the  center  spaces.  The  cooler  (d) 
is  also  accomplished  by  changing  the  polarity  of  the  imposed 
voltage  of  the  heater  (c). 

Systems  (a)  and  (b)  transfer  the  heat  from  the  object  to 
be  cooled  or  heated  to  the  working  fluid  inside  the  device. 
Conversely,  systems  (c)  and  (d)  transfer  the  heat  from  the 
object  to  the  air  at  the  downstream  end  of  the  device.  For 
example,  in  heater  (c),  when  cold  junctions  are  heated  by  the 
exchanger,  the  outlet  air  temperature  increases,  and  there 
is  an  increase  in  the  cold  junction  temperatures,  owing  to 
the  sustained  temperature  difference  between  the  cold  and 
the  hot  junctions.  This  leads  to  an  increase  in  outlet  air. 
Besides,  a  further  temperature  increase  in  the  exhaust  air 
owing  to  the  recuperated  Joule  heat  and  the  ejected  Peltier 


heat  is  also  expected. 

It  is  interesting  to  note  that  in  the  heating  system  (c),  the  ex¬ 
cess  Joule  heat  generated  in  the  device  is  effectively  utilized 
for  the  improvement  of  system  efficiency.  In  all  systems,  the 
excess  heat  due  to  the  Joule  and  the  Peltier  heat  are  implic¬ 
itly  included  in  the  released  heat  at  the  outlet;  therefore,  a 
system  utilizing  the  enthalpy  of  the  exhaust  air  for  heating 
is  expected  to  yield  good  efficiency. 

In  the  above  discussion,  the  electric  power  for  the  blower 
which  is  required  to  generate  air  flow  is  not  accounted  for  in 
the  system  efficiency.  However,  the  pressure  head  needed  to 
establish  a  given  flow  rate  can  be  considerably  reduced  by 
fabricating  the  porous  bodies  with  favorable  characteristics. 
Therefore,  the  required  electric  power  for  the  blower  has  a 
negligible  effect  on  the  system  performance. 
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Abstract 

Two  thin-film  thermoelectric  devices  are  experimentally 
demonstrated.  The  relevant  thermal  loads  on  the  cold  junction 
of  these  devices  are  determined.  The  analytical  form  of  the 
equation  that  describes  the  thermal  loading  of  the  device 
enables  us  to  model  the  performance  based  on  the 
independently  measured  electronic  properties  of  the  films 
forming  the  devices.  This  model  elucidates  which  parameters 
determine  device  performance,  and  how  they  can  be  used  to 
maximize  performance. 

Introduction 

Thermoelectric  materials  play  an  important  technological 
role  as  sensors,  power  generators  and  solid-state  coolers.  The 
use  of  bulk  thermoelectric  material  for  cooling  is  becoming 
more  widespread.  For  example  portable  thermoelectric  food 
coolers  are  now  becoming  common  place.  Thermoelectrics 
have  also  found  a  niche  where  vibration  free  cooling  is  critical 
such  as  in  infrared  detectors  and  low-light  CCD  array  cameras. 
They  are  also  used  as  a  convenient  way  of  quickly  heating  and 
cooling  for  DNA  synthesis  by  thermal  cycling.  These 
applications  all  make  use  of  bulk  thermoelectric  materials,  but 
there  is  increasing  interest  in  thin-film  thermoelectric  devices. 

Here  we  focus  on  the  use  of  thermoelectrics  for  cooling, 
which  is  the  most  demanding  application  for  such  thin-film 
materials.  Thin-film  coolers  could  be  incorporated  directly  into 
semiconductor  devices  in  close  proximity  to  regions  such  as  the 
sensing  element  in  IR  detectors.  This  could  greatly  reduce  the 
amount  of  material  being  cooled,  thereby  reducing  the  energy 
required  for  cooling.  Low  energy  consumption  is  critical  in 
building  hand-held,  battery-operated  devices.  A  thin-film 
deposition  technology  would  also  be  compatible  with  the 
planar  technology  essential  to  the  construction  of  integrated 
circuits.  Further  interest  in  thin  film-coolers  stems  from 
potential  improvement  in  thermoelectric  figure  of  merit  from 
two  dimensional  confinement  of  the  charge  carriers  in  quantum 
well  structures.01 

The  problem  of  thin  film  deposition  of  thermoelectrics  has 
been  worked  on  sporadically  since  the  1950’s.  Numerous 
deposition  techniques  have  been  tried  including  evaporation, 
flash  evaporation,  MBE,  CVD,  sputtering,  and  laser  ablation.  In 
the  case  of  compound  semiconductors,  a  primary  difficulty  is 
maintaining  the  stoichiometry  of  the  growing  film.  Keeping 
sufficient  purity  of  material  and  controlling  the  dopant  levels 
are  also  critical.  The  growth  structure  is  another  important  issue 


since  grain  boundaries  and  crystalline  defects  effect  the 
resistivity  of  the  deposited  film  by  scattering  charge  carriers. 

Recent  thin-film  device  work  has  begun  to  show  promise  of 
producing  useful  devices.01  Much  of  the  experimental  work 
involves  optimizing  the  growth  parameters  to  achieve  the  best 
quality  films. 

In  this  work  we  investigate  which  heat  transport  factors  are 
essential  to  consider  when  working  with  thin-film 
thermoelectric  devices.  If  the  heat  transport  to  the  cold  junction 
from  all  sources  can  be  calculated  then  the  electrical 
conductivity  and  Seebeck  coefficient  can  be  used  to  predict  the 
cooling  achievable  by  the  device.  Here  we  calculated  device 
performance  based  on  the  independently-measured 
thermoelectric  properties  of  the  individual  films  comprising  a 
device.  We  compare  this  with  experimental  measurements  of 
the  maximum  cooling  of  operating  devices.  The  model 
developed  and  discussed  here  can  be  used  as  a  means  for 
optimizing  device  performance. 

Experimental  techniques 
Film  growth  and  optimization: 

Magnetron  sputtering  was  chosen  for  the  deposition  of  thin 
film  devices  for  two  reasons.  First,  sputtering  allows 
multicomponent  materials  to  be  deposited  from  a  single  source 
without  many  of  the  compositional  shifts  associated  with 
thermal  evaporation  techniques.  Second,  the  technology  for 
large-scale  deposition  has  been  developed  in  industry  and  has 
been  shown  capable  of  producing  large  quantities  of  material 
necessary  for  commercially  viable  thin  film  thermoelectric 
devices.  We  discuss  the  sputtering  process  used  to  deposit  these 
films  in  detail  elsewhere.01 

Film  quality  is  extremely  important  in  growing  devices. 
Degradation  of  the  electrical  properties  of  the  films  are 
reflected  in  reduced  cooling  capacity  of  the  device.  The 
individual  p  and  n-type  films  were  optimized  independently. 
The  electrical  resistivity  and  Seebeck  coefficient  of  the 
individual  films  was  measured  independently.  The  structural 
quality  was  investigated  using  x-ray  diffraction,  which  allows 
the  degree  of  orientation  to  be  investigated,  as  well  as  the 
crystalline  structure.  Scanning  electron  microscopy  (SEM)  was 
used  to  measure  the  film  thickness  as  well  as  characterize 
growth  structure.  The  results  of  these  measurements  were  used 
as  the  basis  for  directed  changes  in  the  sputter  target 
composition  as  well  as  deposition  parameters. 
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For  the  Bi0.9Sb0.i  film  used  as  the  n-type  leg  of  one  of  the 
devices  discussed  below,  the  main  issues  were  crystal  quality, 
crystal  size,  and  impurities.  By  raising  the  deposition 
temperature  the  electronic  properties  of  the  films  were 
improved  as  a  result  of  increased  crystal  size  and  quality. 
Increasing  substrate  deposition  temperature  was  limited  by 
island  formation  at  higher  temperatures.  The  pressure  of  the 
sputtering  gas  and  sample  bias  were  also  found  to  effect  the 
properties  of  the  film/43  The  Bio.gSbo.i  film  used  in  the  device 
discussed  here  was  deposited  at  approximately  180°C. 

Similar  observations  were  made  for  the  (Bii.xSb*)2(Tei_ySey)3 
films.  The  problem  of  island  formation  could  be  reduced  by 
beginning  deposition  at  a  lower  temperature  and  quickly  raising 
the  temperature  during  deposition.  The  difference  in  vapor 
pressure  of  the  components  makes  deposition  at  these  high 
temperatures  difficult.  However  we  have  shown  that  by  using  a 
“hot  walled”  environment  and  excess  Te  concentration  in  the 
sputter  target  the  stoichiometry  of  the  resulting  films  could  be 
controlled/33 

Mica  was  chosen  as  the  substrate  material  since  mica  can  be 
easily  cleaved  into  extremely  thin  sheets.  It  is  important  that  the 
substrate  be  thin  in  order  to  minimize  thermal  conductivity 
losses  in  the  substrate.  In  addition  mica  has  a  hexagonal 
symmetry  which  is  the  same  as  the  film,  the  cleaved  surfaces 
are  flat,  and  it  is  able  to  withstand  the  high  temperature 
necessary  for  high  quality  deposition.  The  “hot  walled” 
environment  needed  to  control  the  stoichiometry  also  helps 
maintain  the  thin  mica  substrates  at  the  desired  temperature. 
This  is  particularly  important  since  the  flexible  mica  substrates 
essential  to  making  devices  do  not  make  good  mechanical 
contact  with  the  stage  and  there  is  little  lateral  heat  transport  in 
the  mica  from  the  points  where  it  does  contact  the  stage.  Thus, 
without  a  “hot  walled”  environment  the  temperature  of  the 
substrates  would  be  in  radiative  equilibrium  somewhere 
between  the  stage  temperature  and  the  chamber  temperature. 

The  devices  were  prepared  by  first  depositing  one  leg  of  the 
device  through  a  mask  onto  the  mica  substrate.  The  chamber  is 
then  vented,  the  mask  reset  to  give  a  small  junction,  and  the 
second  film  deposited. 

Care  must  be  taken  in  depositing  the  second  leg  of  the 
device.  The  existing  film  changes  the  thermal  characteristics  of 
the  mica  substrate  and  may  lead  to  increased  substrate 
temperature  near  the  junction  during  deposition.  The  second 
film  does  not  nucleate  growth  at  the  edge  of  the  first 
deposition.  A  small  gap  is  formed  by  atoms  deposited  near  the 
junction  migrating  to  the  edge  of  the  existing  film  instead  of 
nucleating  the  growth  of  the  new  film.  If  such  a  small  gap 
forms  at  the  junction  the  performance  of  the  device  is 
destroyed.  To  prevent  this  problem,  lower  temperatures  are 
used  at  the  beginning  of  the  deposition. 


Measurement  technique: 

To  test  the  device  it  was  bridged  (face  down)  between  two 
copper  blocks  and  attached  with  conductive  silver  paint  which 
provides  both  electrical  and  thermal  contact.  One  thermocouple 
is  attached  to  the  back  side  of  the  mica  substrate  at  the  cold 
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Figure  1 :  Measured  temperature  response  for  device  1  to  a  40mA 
current  pulse.  The  zero  offset  for  the  cooling  for  zero 
current  is  a  result  of  slight  nonequlibrium  of  the  heat  sink 
with  the  surrounding  radiative  environment.  These  small 
offsets  show  the  importance  of  the  pulsed  technique. 

junction.  A  second  thermocouple  monitors  the  temperature  of 
one  of  the  copper  contact  blocks.  Both  thermocouples  are 
electrically  isolated  from  the  current  pulse  used  to  produce 
cooling  in  the  device  by  the  mica  substrate  material.  The  device 
is  tested  by  sending  a  current  pulse  to  the  device  and  comparing 
the  temperature  difference  between  the  two  thermocouples 
before  and  during  the  pulse.  The  current  pulses  sent  to  the 
device  are  controlled  by  the  data  acquisition  computer  and  can 
be  varied  in  amplitude  and  duration.  The  computer  allows  the 
pulse  duration  to  be  set  so  that  the  temperature  difference  can 
be  compared  after  the  cooling  transient  which  is  typically  less 
than  a  couple  seconds  (figure  1).  Furthermore,  the  pulse  current 
is  varied  to  explore  the  response  of  the  device  as  a  function  of 
current.  It  is  important  that  the  entire  chamber  be  in  thermal 
equilibrium  with  the  copper  blocks  that  are  used  as  the  “hot 
side”  of  the  device.  This  is  necessary  in  order  for  the  equations 
governing  radiative  losses  discussed  below  to  apply. 

Since  the  chosen  substrate  is  a  very  good  insulator,  our 
standard  measurement  techniques  could  be  used  to  measure  the 
electronic  properties  of  each  leg  of  the  device  independently^3. 
This  enables  the  independent  calculation  of  expected  device 
performance  for  comparison  with  measured  results. 

Calculations 

In  building  thermoelectric  cooling  devices  the  relative 
importance  of  the  various  heat  loads  on  the  cold  junction  must 
be  understood.  To  optimize  device  performance,  it  is  useful  to 
develop  a  comprehensive  analytical  model. 

Thin-film  thermoelectric  devices  which  are  designed  to 
transport  heat  in  the  plane  of  the  film  are  inherently  low-power 
devices.  Thus,  small  secondary  heat  loadings  of  the  cold 
junction,  which  are  usually  inconsequential  for  bulk  devices, 
are  very  important  to  consider  for  thin-film  devices.  For  a 
device  made  of  bulk  material,  thermal  conductivity  in  the 
thermoelectric  material  is  the  dominant  source  of  heat  transfer 
to  the  cold  junction  and  thus  limits  the  minimum  temperature  to 
which  the  device  can  cool.  In  thin  films  however,  other  losses 
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are  equally  important.  These  losses  include  thermal  conduction 
in  the  substrate  supporting  the  film,  coupling  to  the 
environment  by  radiation,  and  conduction  and  convection  in  the 
atmosphere.  Losses  in  the  atmosphere  were  neglected  in  the 
discussion  below  since  our  experiments  were  conducted  in 
vacuum.  The  load  being  cooled  must  also  be  considered, 
including  the  thermocouple  used  to  monitor  the  device. 

Analytical  expressions  for  the  thermal  loads  are  developed 
for  the  simple  geometry  where  the  p-n  junction  is  deposited  on 
one  side  of  a  cleaved  mica  substrate  as  shown  in  figure  2.  The 
load  from  each  side  of  the  device  and  each  leg  of  the 
measurement  thermocouple  will  be  considered  separately. 

The  contribution  of  thermal  conductivity  in  the  film  and 
substrate  to  the  heat  transfer  coefficient  of  the  device  can  be 
calculated  as  follows: 


dw 

K film  =  ^  film  — 

(i) 

dsw 

(2) 

** sub  ~  ^ sub  j 

As  the  surface  of  the  device  gets  larger,  radiation  plays  an 
increasingly  important  role.  For  small  temperature  differences, 
the  coefficient  of  heat  transfer  for  a  surface  (H)  is  the  derivative 
of  the  radiance  (91): 

=  eaT 4  (3) 

where  o  is  the  Stefan-Boltzmann  constant  (5.67x1 0‘12 
W/cm2K4)  and  e  is  the  emissivity.  The  heat  transfer  coefficient 
across  the  surface  at  the  reference  temperature  (T0)  is: 

=  4  eoT03  (4) 

T0 

Heat  will  be  lost  from  both  the  top  and  bottom  surfaces  in  an 
actual  device.  However,  this  factor  of  two  will  be  offset  by  the 
fact  that  the  average  temperature  of  the  device  will  be  halfway 
between  the  temperature  of  the  cold  junction  and  the  reference 
temperature.  It  is  assumed  that  the  whole  radiative  environment 
is  at  the  reference  temperature  and  therefore  the  radiative  heat 
transfer  coefficient  for  the  device  is: 

Krad  =  Hlw  (5) 

Heat  losses  in  the  measurement  thermocouples  must  also  be 
estimated.  Despite  the  use  of  extremely  thin  thermocouples 
(much  thinner  than  a  hair),  they  are  still  several  times  thicker 
than  the  film  that  is  being  tested.  Furthermore,  metallic 
thermocouples  have  a  much  higher  thermal  conductivity  than 
any  of  the  other  components  in  the  system.  Although  relatively 
long  thermocouple  wires  are  used  to  minimize  thermal  losses 


from  conduction,  the  heat  transferred  down  the  thermocouple  is 
radiated  away  at  the  surface  of  the  thermocouple.  In  our  case 
the  loss  due  to  the  thermocouples  leads  can  be  approximated  by 
the  analytical  solution  for  the  heat  loss  by  radiation  from  a 
semi-infinite  rod.[6]  The  temperature  distribution  in  the  rod  is: 

T  =  To+(Tc-T0  )e-x4pHi™  tc  (6) 

where  p  the  perimeter,  2rcr;  co  is  the  cross-sectional  area,  rcr2; 
and  r  is  the  radius  of  the  wire.  The  rate  of  heat  flow  down  the 
wire  is: 


dr 

dx 


x=0 


■■xr2K rc(Tc-T0)J — 
rKTc 


(7) 


=  (Tc-TQ)nrKpHKTc 

The  heat  flow  coefficient  for  each  leg  of  the  thermocouple  is: 

KTc=xr%pHKTc  (8) 


To  validate  the  assumption  of  the  semi-infinite  rod  geometry, 
the  length  of  thermocouple  at  which  the  temperature  will  be 
half-way  between  the  cold  junction  and  the  reference 
temperature  can  be  calculated  as  follows  from  equation  6: 


E*? 

1 

h, 

1 

-  ~xPH/rKTc 

(9) 

2  (Tc-T0) 

—  c 

>  f¥ 

(10) 

For  the  0.001  inch  diameter  thermocouples  used  during  this 
work,  x  is  approximately  half  a  centimeter.  This  is  small 
compared  to  the  length  of  the  thermocouples  used  in  the 
experiments.  The  length  of  thermocouple  needed  to  remain  in 
this  approximation  varies  as  the  square  root  of  the 
thermocouple  radius. 

The  performance  of  a  device  is  calculated  with  the  figure  of 
merit  (Z)  of  the  device.  To  calculate  the  performance  of  an 
actual  device,  one  must  sum  over  all  the  thermal  losses  and 
resistances  in  the  system.  In  the  simple  device  sketched  in 
figure  2  several  assumptions  were  made.  First,  it  was  assumed 
that  the  overlap  of  the  two  layers  is  small  compared  to  other 
dimensions  and  can  be  ignored.  Similarly,  it  was  assumed  that 
there  is  no  junction  resistance  and  no  interdiffusion  or 
intermixing  of  the  two  layers  at  the  junction  which  could 
degrade  the  thermoelectric  properties  of  the  materials  in  the 
vicinity  of  the  junction.  Finally,  the  thickness  of  the  film  and 
substrate  is  small  enough  compared  to  the  lateral  dimensions 
that  radiative  losses  from  the  edges  can  be  ignored. 

The  Seebeck  coefficient  (a),  resistance  (R)  and  heat  transfer 
coefficients  for  the  device  as  a  whole  (K)  can  then  be 
calculated,  and  from  these  the  figure  of  merit  of  the  device  can 
be  calculated: 


a  =  ay-  a2 

P\h  |  Pih 
d\W\  d2w2 


(11) 
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Figure  3:  Measured  cooling  for  device  1  operated  at  room 
temperature. 
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From  Z  the  maximum  cooling  achievable  can  be  calculated: 

A7max=7w+^(l-Vl  +  2Z7w)  (15) 


Results  and  discussion 

Two  thin-film  devices  based  on  different  materials  will  be 
discussed.  The  first  device  is  a  junction  between  a  p-type 
(Bio.25Sbo.75)2(Teo.95Se0.o5)3  and  an  n-type  Bi0.9Sboi  film  on  a 
25  \xm  thick  mica  substrate.  The  second  device  is  on  a  10  |im 
thick  mica  substrate  and  uses  a  similar  p-type  material 
(Bio.25Sb0.75)2Te3  and  with  an  n-type  (B i0 .95 Sb 0.05)2^0.95860.05)3. 
The  masks  used  in  the  deposition  were  arranged  so  that  the 
films  overlap  slightly  to  form  the  cold  junction  of  the  device  (as 
sketched  in  figure  2).  Small  devices  (and  their  mica  substrate) 
are  then  cut  from  the  original  film.  Care  must  be  taken  while 
cutting  the  films  to  minimize  damage  to  the  thermoelectric 
material.  In  practice  this  damage  and  difficulty  mounting  the 
samples  limit  the  minimum  device  size. 

The  electronic  properties  of  the  individual  legs  were 
measured  independently  on  a  mica  witness  substrate  placed 
next  to  the  device  substrate  for  the  deposition.  The  electronic 
properties  of  the  witness  sample  and  thickness  were  measured 
independently.  The  lateral  dimensions  of  the  device  were  also 
measured  after  it  was  mounted  in  the  measurement  jig.  These 
measured  parameters  are  recorded  in  table  1  and  were  used  to 
calculate  expected  values  for  device  performance. 

The  cooling  of  the  actual  devices  was  measured 
experimentally  as  a  function  of  current  (figure  3,4).  The 
temperature  response  to  a  current  pulse  is  also  shown  (figure 
1).  Much  of  the  time  required  for  response  comes  from  the 
energy  needed  to  heat  the  tiny  dot  of  silver  paint  used  to  hold 
the  thermocouple  to  the  back  of  the  mica  substrate. 


Figure  4:  Measured  cooling  for  device  2  operated  at  room 
temperature. 


device  1 

device  2 

n-type 

p-type 

n-type 

p-type 

units 

Bi0.9Sbo., 

(Bi,Sb)2(Te,Se)3 

(Bi,Sb)2(Te,Se)3 

(Bi,Sb)2Te3 

measured  values 

a 

V/K 

-1.00E-04 

1.10E-04 

-8.50E-05 

1.20E-04 

£ _ 

Q  cm 

5.70E-04 

1.00E-03 

9.40E-04 

6.20E-04 

1 

cm 

0.25 

0.18 

0.28 

0.28 

w 

cm 

0.20 

0.22 

0.35 

0.35 

d 

cm 

9.50E-04 

6.00E-04 

9.40E-04 

6.20E-04 

dmica 

cm 

2.50E-03 

1.03E-03 

Ttc 

cm 

1.30E-03 

1.30E-03 

1.30E-03 

1.30E-03 

assumed  values 

Kfilm 

W/cm2K 

0.080 

0.014 

0.014 

0.014 

Kmica 

W/cm2K 

0.020 

Kic 

W/cm2K 

0.300 

0.190 

0.300 

0.190 

Of* 

0.600 

6tc 

0.300 

calculated  values 

ZfjlmT 

0.07 

0.26 

0.16 

0.50 

Kfilm 

W/K 

6.08E-05 

1.03E-05 

1.65E-05 

1.09E-05 

K-sub. 

W/K 

4.00E-05 

6.11E-05 

2.58E-05 

2.58E-05 

Krad 

W/K 

1.84E-05 

1.45E-05 

3.60E-05 

3.60E-05 

Ktc 

W/K 

1.55E-06 

1.23E-06 

1.55E-06 

1.23E-06 

R 

Q. 

0.75 

1.36 

0.80 

0.80 

whole  device  calculated  values 

K 

W/K 

2.08E-04 

1.54E-04 

a 

V/K 

2.10E-04 

2.05E-04 

R 

Q 

2.11 

1.60 

ZT 

0.03 

0.05 

ATmax 

K 

4.39 

7.32 

measured  device  properties 

ATmax 

K 

5.10 

5.30 

Table  1 :  At  the  top  are  the  measured  properties  of  the  individual  films 
used  in  the  devices.  Below  are  assumed  values  for  the 
thermal  conductivity  and  emissivity.  The  next  section  shows 
the  heat  transfer  coefficients  with  the  relative  losses  in  each 
component.  Finally,  calculated  values  for  ATmax  from  the 
measured  film  properties  can  be  compared  with  measured 
values  for  the  devices  listed  at  the  bottom  of  the  table. 
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Figure  5:  Derived  dependence  of  the  maximum  cooling  with:  a)  substrate  thickness;  b)  device  length;  c)  average  film  thickness.  The  measured 
electronic  properties  and  dimensions  of  the  films  used  in  the  two  devices  were  used  in  the  calculations.  In  b  and  c  the  device  leg  length  or 
film  thickness  rations  are  preserved.  In  both  cases  optimization  in  these  ratios,  which  could  be  obtained  from  the  model,  could  lead  to 
further  enhanced  performance.  Calculations  based  on  device  1  are  plotted  as  a  solid  line  and  device  2  as  a  dashed  line.  Measured  values 
for  device  performance  are  also  shown:  (x)  device  1;  (+)  device  2. 


The  cooling  as  a  function  of  current  (I)  can  also  be 
calculated  from  the  measured  device  parameters  and  compared 
with  measured  values: 


AT  = 


<xITH-\l2R 

l oP+K ) 


(16) 


This  is  approximately  parabolic  as  seen  in  figures  3  and  4  if 
K»al,  but  switches  to  a  more  linear  behavior  at  large  I. 

It  is  valuable  to  look  more  closely  at  the  calculated  values 
of  the  thermal  loading  for  each  device  shown  in  table  1  to  learn 
which  loads  are  the  largest,  and  thus  what  route  would  improve 
device  performance  the  most.  Table  1  shows  that  the  thermal 
losses  in  the  substrate  are  substantial.  Thus  reducing  substrate 
thickness  (or  thermal  conductivity)  would  be  beneficial.  The 
effect  of  substrate  thickness  on  ATmax  is  plotted  in  figure  5a. 

Losses  from  radiation  are  less  than  those  from  the  substrate 
in  device  1.  In  device  2,  where  a  thinner  substrate  and  lower 
conductivity  films  are  used,  radiation  is  the  dominant  loss.  The 
performance  of  each  device  is  plotted  as  a  function  of  device 
length  in  figure  5b.  As  the  device  is  made  larger  the  radiation 
effects  begin  to  dominate. 

Losses  in  the  very  fine  0.001  inch  diameter  k-type 
thermocouple  wire  used  are  relatively  small.  For  a  0.003  inch 
diameter  thermocouple,  however,  the  thermal  loss  will  be  over 
5  times  larger  since  the  loss  goes  as  the  radius  of  the 
thermocouple  to  the  three  halves  power  (equation  8).  In  this 
discussion  we  have  considered  the  thermocouple  losses  to  be 
spread  over  the  entire  cold  junction  of  the  device.  In  practice 
the  thermocouple  could  cause  a  local  hot  spot  if  it  were  a  more 
significant  heat  load. 

Finally,  depositing  thicker  films  or  films  with  higher  ZT 
would  also  improve  performance.  As  can  be  seen  in  table  1  the 
n-type  (Bio.gsSbo.osMTeo.QsSeoos^  film  could  be  improved 
considerably  before  bulk  properties  are  reached.  Increasing  film 
thickness  diminishes  the  importance  of  the  parasitic  thermal 
loads  associated  with  thin  films  which  we  have  investigated  in 
this  work.  The  dramatic  improvement  in  ATmax  with  increasing 
film  thickness  can  be  seen  in  figure  5c. 


Conclusion 

Excellent  agreement  is  found  between  the  values  calculated 
for  the  device  from  the  measured  parameters  and  those 
measured  experimentally  from  actual  devices  (table  1).  This 
agreement  suggests  that  all  the  relevant  thermal  loading  is 
accounted  for  in  the  model.  Using  the  analytical  model 
developed  here  will  lead  to  improved  device  performance. 
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ABSTRACT 

The  distribution  of  thermal  stresses  in 
thermoelectric  columns  with  superlattice 
structure  was  analyzed  by  numerical  simulation. 
This  analysis  focused  on  Bi2Te3  compounds  used 
for  cooling  purpose.  The  dimensions  used  for 
analysis  are  achievable  by  using  metal  organic 
chemical  vapor  deposition  (MOCVD),  a 
technology  which  can  economically  fabricate 
high  quality  thermoelectric  devices.  Various 
mechanical  constraints  were  used  for  simulation. 
The  calculated  stresses  within  thermoelectric 
(TE)  devices  made  of  bulk  material  were  also 
evaluated.  Because  the  superlattice  structure 
assembly  is  mechanically  similar  to  other  thin 
film  designs,  these  results  can  be  applied  to  TE 
devices  made  by  different  thin  film  techniques. 

INTRODUCTION 

In  past  decades  some  progress  on  improving  the 
figure  of  merit  has  been  reported  by  reduction  of 
the  thermal  conductivity  of  bulk  material,  by 
methods  such  as  alloying,  microstructuring,  and 
inclusion  of  inert  materials.  To  achieve  a 
significant  breakthrough,  superlattice  structures 
have  great  potential  to  decrease  the  thermal 
conductivity  of  TE  materials.  Superlattices  using 
Bi2Te3,  Sb2Te3,  and  PbTeSe/BiSb 
semiconductors  have  been  studied  by  the  TE 
industry,  and  in  laboratories  such  as  Lincoln 
Laboratory  and  Research  Triangle  Institute. 
Theoretical  evaluation  of  the  structures  was  also 
reported  by  several  researchers.  Both  approaches 
indicated  the  great  potential  of  TE  devices  using 
these  new  structures(l-4). 

MOCVD  is  the  only  economic  manufacturing 
technology  to  fabricate  TE  device  with 
superlattice  structure,  and  the  cost  of  MOCVD 
production  is  comparable  to  the  existing  TE 
processes.  One  technical  concern  of  the 


superlattice  device  structure  is  the  cooling  and 
heating  capability.  Although  experimental  tests 
can  be  made  on  prototype  devices,  it  is  necessary 
to  analyze  the  reliability  of  these  structures  to 
validate  the  device  robustness,  and  to  direct  the 
material  development  and  assembly  procedures 
which  can  ensure  successful  practical 
application. 

Because  TE  devices  with  superlattice  structures 
are  not  readily  evaluated,  numerical  simulation 
is  the  most  economic  way  to  study  the  reliability 
problem.  TE  devices  with  superlattice  structures 
of  different  physical  dimensions  were  analyzed. 
Different  thermal  or  mechanical  constraints  were 
assumed  for  simulation.  The  results  presented  in 
this  report  may  not  fully  duplicate  operating 
condition,  but  the  failure  criteria  obtained  from 
the  studies  can  be  used  to  direct  further  device 
evaluation.  A  NASTRAN  program,  which  was 
initiated  by  NASA  and  is  widely  used  in 
structural  design,  aerospace  applications  and 
thermal  analysis,  was  used  for  the  simulation. 
Von  Mises  stress  profiles  were  generated  for  use 
in  failure  evaluation. 

SIMULATED  DEVICE  AND 
CALCULATION  SCHEME 

MOCVD  uses  Metal  Organic  or  Halide  gaseous 
or  liquid  sources  at  appropriate  temperatures  and 
pressures  to  grow  single  crystal  layers  by 
chemical  vapor  deposition  on  large  area 
substrates.  Currently,  high  quality  GaAs  epi 
layers  grown  on  Ge  substrates  and  at  rates  of  >6 
micron/hour,  throughput  of  >3000cm2/batch  are 
being  used  to  produce  solar  cells  at  Tecstar/ASD. 
To  prepare  TE  materials  with  superlattice 
structures  a  faster  growth  rate  and  a  higher 
throughput  will  reduce  the  cost  of  the  product. 
Because  the  technology  is  ready  for  mass 
production,  the  large  quantity  price  of 
gaseous/liquid  sources  can  also  be  significantly 
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decreased  to  match  the  requirements  of  the  TE 
market.  MOCVD  can  prepare  multi-layer 
structures  on  large  area  substrates  with  either 
homo  and  hetero  layer  structures  each  layer 
being  less  than  100  A.  Due  to  the  characteristics 
of  Bi2Te3  like  compounds,  the  superlattice 
structure  could  be  successfully  grown  on  low 
cost  Ge  substrates.  Figure  1  shows  an  X-ray 
diffraction  picture  of  a  2000  A  superlattice 
structure  epi-grown  on  a  GaAs  substrate  (by 
Research  Triangle  Institute).  The  prominent  peak 
is  GaAs  and  the  peaks  of  the  Bi2Te3/Sb2Te3 
superlattice  were  displaced  by  0  to  5000  arc 
seconds  (1  degree  equals  3600  sec)  from  the 
main  peak.  Since  these  TE  materials  with 
superlattice  structure  can  be  grown  on  GaAs,  the 
TE  materials  can  easily  be  grown  on  Ge 
substrates,  which  have  closely  similar  lattice 
spacing  and  thermal  conductivity  to  GaAs.  If  the 
growth  rate  is  improved  as  projected,  a  25  pm 
(or  12  pm)  thick  superlattice  should  be  a 
practical  structure  to  meet  both  the  economic  and 
technical  criteria  of  the  TE  industry.  For 
simulation,  we  used  one  mil  or  half  mil  thick 
superlattice  layers  grown  on  Ge  substrates 
sandwiched  between  solder  coated  A1203  plates. 

Square  cross  sections  (20  mil  x  20  mil,  Fig.  2a), 
and  circular  cross  sections  of  (20  mil  diameter, 
Fig.  2b)  which  are  popular  in  TE  industry  were 
used  for  simulation.  The  thickness  of  the  TE 
layer  varied  from  1  mil  to  0.5  mil.  The  Ge 
substrate  is  8  mils  thick  and  the  thickness  of  the 
solder  and  A1203  were  3  and  10  mils, 
respectively.  11x11x16  grids  (Fig.  3)  were 
assigned  to  X,Y,  and  Z  directions  for  the 
rectangular  column.  For  cylindrical  samples,  80 
grids  were  assigned  to  the  bottom  of  the  cylinder 
and  20  grids  assigned  to  the  Z  direction. 
Temperatures  of  +70°C  and  -30°C  were  used  as 
fixed  thermal  boundary  temperatures  to  the 
A1203  layers  at  the  ends  of  the  sample,  the  lateral 
side  was  assumed  to  be  adiabatic.  The 
mechanical  constraints  assigned  to  the  two  ends 
were  1)  both  free,  2)  one  end  free,  one  end  fixed, 
and  3)  both  fixed.  In  addition,  a  cylindrical 
column  without  germanium  material  was  used 
for  comparison.  Since  the  stress-free  status  of 
the  sample  was  set  at  0°C,  all  these  calculations 
showed  the  stress  difference  caused  by 
temperature  variation.  The  calculated  results 
indicated  many  interesting  points  for  design  and 
assembly  of  TE  couples. 


The  material  properties  used  for  simulation  were 
given  in  Table  1. 

CALCULATED  RESULTS 

Square  cross  section  was  used  for  calculation  in 
Case  1,  other  cases  used  the  circular  cross 
section.  However,  at  adiabatic  conditions,  this 
variation  does  not  affect  the  temperature  profile 
of  the  sample  (Fig.  4). 

Case  1 :  Square  Cross  Section 

The  -30°C  end  was  assumed  to  be  fixed,  the 
+70°C  end  was  free  from  constraint.  A  32.6°C 
temperature  difference  was  generated  across  the 
TE  layer.  A  15.4  kpsi  Von  Mises  (VM)  stress 
was  generated  on  the  cold  end.  The  hot  end  with 
nearly  free  expansion  showed  a  0.1  kpsi  VM 
stress.  In  the  TE  layer,  2  kpsi  was  generated  at 
the  comers,  and  this  decreased  to  1 .2  kpsi  toward 
the  center  area.  The  largest  stress  gradient  was 
created  within  the  solder  layer  (at  the  cold  end). 
This  may  indicate  the  possibility  of  easy 
separation  at  the  TE/solder  interface. 

Case  2:  Circular  Cross  Section 

When  the  shape  of  the  cross  section  of  the 
column  changed  from  square  to  circular  shape, 
the  same  thermal/mechanical  constraints 
generated  different  stresses  in  the  sample.  The 
largest  VM  stress  on  the  -30°C  end  decreased 
from  15.4  kpsi  to  14  kpsi,  the  stress  on  the  TE 
layer  decreased  to  1  kpsi.  The  most  significant 
change  was  the  difference  of  the  stress  gradient 
caused  by  the  comers  of  the  square  shape.  Even 
if  the  magnitude  of  the  calculated  stress  was 
excessive,  the  cylindrical  shape  is  a  better  design 
to  reduce  the  possibility  of  damage  to  the  device. 

Case  3:  Constraint  on  the  Hot  End 

In  cases  1  and  2,  the  -30°C  end  was  blocked.  In 
this  case,  the  cold  end  was  free  and  the  +70°C 
end  was  fixed.  Because  the  sample  was  assumed 
to  be  stress  free  at  0°C,  the  +70°C  temperature 
difference  generated  a  greater  stress  (more  than 
double)  than  the  stress  caused  by  30°C 
temperature  difference.  This  boundary  condition 
generated  a  38  kpsi  on  the  hot  end,  and  2  kpsi  on 
TE  layer.  The  stress  gradient  still  existed  in  the 
radial  direction,  but  not  in  the  lateral  direction. 
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Case  4:  Constraints  on  Both  Ends 

Since  both  the  -30°C  end  and  +70°C  ends  were 
constrained  from  moving,  and  the  sample  was 
mechanically  within  its  elastic  regime,  the 
stresses  can  be  superimposed.  This  led  to 
estimates  of  stresses  about  38  kpsi  on  both  ends 
and  2.5  kpsi  on  the  TE  layer,  greater  than  the 
stresses  in  both  cases  2  and  3. 

Case  5:  Ge  Substrate  Replaced  by  TE  Material 

This  material  replacement  changed  the 
temperature  profile  of  the  sample.  The  TE  layer 
became  9  mils  thick.  The  stress  calculation  is 
also  changed  accordingly.  This  case  is  similar  to 
the  existing  TE  couple  assembly.  In  this  case,  42 
kpsi  VM  stress  was  generated  at  the  +70°C  end 
and  14  kpsi  at  the  -30°C  end.  A  wide  range  of 
stress  from  0.2  kpsi  to  4.4  kpsi  was  generated  in 
the  TE  layer.  8.5  kpsi  VM  stress  was  created  at 
both  solder/TE  interfaces. 

Case  6:  Thinner  TE  layer 

When  the  thickness  of  the  TE  layer  grown  on  the 
Ge  substrate  was  reduced  to  0.5  mil,  there  was 
only  a  20%  increase  of  stress  in  the  TE  layer. 
But  a  TE  layer  of  less  than  0.5  mil  may  be 
impractical  for  application  and  was  not  included 
for  simulation. 

Case  7:  Free  of  Mechanical  Constraints 

For  circular  cross  section  sample  (Case  2),  the 
VM  stress  on  the  TE  layer  was  about  0.8  kpsi. 
This  may  be  quite  different  from  the  real  case 
but  can  be  used  as  a  reference. 

The  calculated  results  are  shown  in  Table  2.  The 
main  calculation  results  are: 

1)  At  the  same  thermal/mechanical  constraints, 
less  stress  will  generated  in  TE  layers  with 
circular  cross  section  than  in  square  cross 
sections. 

2)  A  greater  thermal  stress  was  generated  in  the 
thick  TE  layer  than  in  the  thin  TE  layer  on  Ge 
substrate.  This  may  indicate  that  the  superlattice 
structure  will  survive  better  than  existing 
devices  processed  from  bulk  ET  material. 


DISCUSSION 

Due  to  the  discrepancies  between  the  assumed 
boundary  conditions  and  practical  applications, 
this  simulation  is  not  perfect.  We  can  project 
some  modifications  to  the  hardware  and 
calculation  scheme  which  will  improve  the 
prediction.  These  modifications  include: 

1)  The  material  properties  used  for  calculation 
are  temperature  dependent,  but  in  this  calculation 
they  were  to  be  assumed  independent. 

2)  At  0°C,  the  assembly  was  assumed  to  be  stress 
free.  This  assumption  may  not  valid.  The  real 
stress  status  of  the  assembly  will  be  process 
dependent.  The  magnitude  of  the  calculated 
stress  will  be  changed  by  this  modification.  In- 
situ  strain  measurements  will  provide  essential 
information  to  guide  further  analysis. 

For  multi-stage  TE  cooling  assembly  designed 
for  low  temperature  application,  significant 
thermal  stresses  generated  by  the  different 
temperatures  between  assembly  preparation  and 
operation  will  severely  evaluate  the  reliability  of 
the  device.  To  overcome  this  challenge,  different 
material  preparation  and  assembly  technology 
may  be  required. 

3)  The  adiabatic  assumption  can  be  approached 
by  adding  thermal  insulation  layers  to  the  lateral 
sides  of  the  column. 

4)  Bi-Te-Sb  single  crystals  are  not  isotropic,  and 
the  thermal  and  mechanical  properties  are 
orientation  dependent.  The  yield  strength  and 
creep  phenomena  of  the  superlattice  structure 
need  to  be  experimentally  studied.  This 
information  will  provide  a  solid  basis  for  failure 
prediction  through  numerical  simulation. 

5)  Other  effects,  such  as  non-uniform  thermal 
boundaries  and  thickness  variation  of  each  layer, 
especially  the  solder  layer,  need  further 
evaluation. 

6)  During  operation,  the  temperature  variation 
caused  by  Ohmic  heating  effects  may  add  minor 
contribution  to  the  stress  distribution. 

CONCLUSION 

The  MOCVD  technology  can  form  superlattices 
of  TE  materials  which  promise  improved  TE 
performance.  This  study  has  assumed  feasible 
S/L  structures,  and  using  numerical  analysis,  the 
stress  conditions  for  a  variety  of  structures  have 
been  analyzed.  The  results  of  these  calculations 
can  be  applied  to  direct  experimental  studies  to 
fabricate  practical  TE  devices. 
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Table  1  -  Material  Properties  of  Each  Layer 


Material 

Thermal 

Specific 

Density 

Thermal  Exp. 

Young’s 

Shear 

Conduct. 

Heat 

(Kg/m3) 

Coeff(10'6/C) 

Modulus 

Modulus 

(W/m-C) 

(J/Kg-c) 

(107psi) 

(107psi) 

AI2O3 

25.0 

906.0 

3890.0 

7.1 

5.0 

2.0 

Solder 

50.0 

212.0 

7980.0 

24.7 

0.3 

0.107 

Bi2Te3 

1.75 

124.0 

7859.0 

12.9 

0.061 

0.023 

Ge 

60.0 

310.0 

5316.0 

5.8 

1.89 

1.02 

Table  2  Summary  of  Calculation 


Case  # 

Temperature 

Range 

Mechanical 

Constraint 

Thickness  of 
TE  layer  (mil) 

^max 

(kpsi) 

^max 

TE  layer 
(kpsi) 

Cross 

Section 

1 

BlilMBilS— 

1 

15.4 

2 

Square 

2 

-30UC/+70UC 

-30UC 

1 

14 

1 

circular 

3 

-30UC/+70UC 

+70"C 

1 

38 

2 

4 

1 

38 

2.5 

circular 

5 

KTitfSggTiWa— 

KTiwsawiw 

9 

42 

4.4 

circular 

6 

^TitfSTOTiWi— 

K— 

0.5 

38 

3 

circular 

7 

none 

1 

10 

0.8 

circular 

oinax  :  Maximum  Von  Mises  stress. 
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Figure  1  X-ray  diffraction  pattern  of  superlattice  TE  layers  on  GaAs  substrate 


Figure  4  Temperature  profile  of  simulated  TE  column 
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Physical  Principles  of  Microminiaturization 
in  Thermoelectricity 

L.I.Anatychuk,  O.J.Luste 

(Institute  of  Thermoelectricity,  Chemivtsi ,  Ukraine) 


Abstract 

Factors,  which  promote  to  microminiaturization  of  cooling 
modules  have  been  considered.  Results  of  thermoelectric 
coolers  investigations  are  presented  with  taking  into  account 
all  classical  factors:  electrical  and  heat  resistance  of  a 
commutation,  contact  resistance,  heat  resistance  of  heat 
transfers,  all  kinds  of  thermoelectric  effects,  temperature 
dependencies  of  material  properties,  etc.  The  influence  of  all 
factors  on  cooling  efficiency  is  analyzed.  New  factors,  which 
can  have  influence  on  a  module  work,  namely  strong  electric 
field,  large  temperature  gradient,  size  effects,  diffusion 
processes  are  considered.  The  influence  on 
microminiaturization  and  conditions  for  these  factors  actions 
are  analyzed.  A  common  analysis  for  microminiaturization 
limits  and  a  prognosis  of  thermoelectric  modules 
development  is  presented. 

1.  Microminiaturization  and  progress  in  thermoelectrics 
The  reason  limiting  the  wider  use  of  thermoelectrics  appears 
to  be  the  high  cost  of  the  modules  for  cooling  and  energy 
generation.  The  cost  of  the  material  is  the  biggest  component 
in  the  module  cost.  At  the  same  time  the  thermoelectric 
material  itself  is  not  involved  into  the  energy  conversion 
process,  it  is  the  passive  heat  and  electricity  carrier. 
Conversion  occurs  in  comparatively  thin  layers  near  the 
interface  between  the  thermoelectric  material  and  metal. 
From  this  viewpoint  using  that  big  quantity  of  thermoelectric 
material  is  absolutely  useless  (Fig.l). 


1  1 

_ 

*  \ ,  |  •  ;; 

)  ‘5-20  mcm 

2 

\ 

1000  -  3000  mcm 

iisiiii 

t  ‘5-20  mcm 

Fig.l.  Model  of  thermocouple  energy  converter. 

It  demonstrates  the  fact  that  only  about  1%  of  thermoelectric 
material  volume  participates  in  energy  conversion.  1  - 
material  inhomogeneity  areas  where  the  conversion  process 
occurs,  2  -  passive  area. 

If  there  was  such  situation  in  electronics,  the  devices  would 
be  very  expensive  and  they  wouldn't  be  widely  used. 

Thereof,  we  should  try  to  use  less  material,  which  means 
fabrication  of  tinier  thermoelectric  converters. 


Beside  economical  factors,  there  are  some  other  for 
miniaturization  of  thermoelectric  energy  converters.  Among 
them  the  most  attractive  are  prospective  for  combining 
thermoelectric  and  electronic  elements  all  in  one  (Fig.2.). 
Analysis  shows  that  these  elements  allow  to  increase  the 
quality  of  electronic  equipment,  their  reliability,  speed, 
compactness,  sensibility  and  stability  of  sensors,  very 
materially. 


Fig.2.  A  fragment  of  new  elemental  base  of  electronics. 

7  -  thermostatted  and  cooled  components  of  electronics,  2  - 
thermoelectric  cooling  module  compatible  by  size;  3  -  a 
housing,  4  -  window  for  radiation  sensor  case. 

Promising  is  also  the  creation  of  new  tiny  energy  sources 
based  on  microbatteries.  In  combination  with  nuclear  power 
sources,  tiny  catalytic  heaters,  renewable  low  potential  heat 
sources  (temperature  drops  in  soil,  water,  air,  etc.)  these 
generators  appear  to  be  in  competition  with  chemical  energy 
sources. 

Thus,  microminiaturization  of  thermoelectric  energy 
converters  gives  the  prospective  for  practicable  thermoelectric 
use  not  only  because  of  the  price  lowering,  but  also  due  tothe 
new  possibilities  of  thermoelectric  conversion. 

2,  Limits  for  micromoniaturization  after  classical 
descriptions 

There  were  many  investigations  concerning  the  influence  of 
different  factors  on  thermoelectric  converters  properties  at 
their  microminiaturization  [1-7].  Among  them  there  are  three 
main  circumstances: 

Joule  heat  influence  in  commutation  plates; 

Joule  heat  influence  in  contact  resistances  on  the 
interface  between  thermoelectric  semiconductor  material  and 
metal; 
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thermal  resistances  of  the  module  structure  elements 
influence,  because  heat  goes  in  and  out  through  them. 

These  reasons  were  studied  veiy  approximately.  Lately  we  did 
precise  investigations  of  them.  Let  us  consider  the  results  one 
by  one. 

2.1.  Heat  production  in  thermoelectric  modules  commutation 
plates  [81. 


A  model  for 

calculation  is  presented 

.7 

by  Fig.  3. 

Commutation  plate 

_ J 

Antidiffusion  layer 

Contact  resistance 

Solder 

Antidiflusion  layer 

H*  =  f(x) 

H*  =  0 

H*  =0 

1  Thermoelectric  material 

H*  =  F(x) 

w  X 

Antidiffusion  layer 

W 

Contact  resistance 

Solder 

Antidiffusion  layer 

|  Commutation  plate 

Fig.  3.  Diagram  of  thermoelement  commutation  with 
antidiflusion  and  solder  layers. 


When  an  electric  current  is  passed  through  a  commutation 
plate  an  amount  of  an  electric  energy  is  expended  to 
overcome  an  electric  resistance  of  a  commutation  plate,  that 
results  in  the  coefficient  of  performance 


decrease,  where  W^I2R  +  a(T}  -  r2),  Q  is  cooling  power,  I  is 
current  running  along  the  element,  R  is  total  electric 
resistance  (or  a  sum  of  resistances  R\t&  +  /Contact  +  ^com  pute),  a 
-  Seebeck  coefficient,  T\  and  T2  are  hot  and  cold  junctions 
temperatures. 

It  is  necessary  to  account  of  the  Joule  heat  production  in  a 
commutation  plate  when  examining  a  general  thermal  picture 
in  a  thermoelectric  module.  Heat  production  in  a 
commutation  plate  results  in  the  coefficient  of  performance 
decrease  because 


diminishing  an  effective  temperature  differential  on  a 
module.  The  influence  of  the  heat  production  is  especially 
appreciable  when  a  cooling  module  is  used  in  the  modes  close 
to  the  maximum  temperature  differential  mode.  Therefore, 
when  thermoelectric  modules  are  designed,  it  is  necessary  to 
minimize  an  influence  of  a  commutation  plate  electric 
resistances  and,  consequently,  the  Joule  heat  production  in  it. 
It  is  obtained  by  a  commutation  plate  thickening  when 
possibilities  of  a  material  use  with  high  electric  conductivity 
values  have  been  already  completed  for  this  plate. 

However,  a  commutation  plate  thickness  increase  yields  to  at 
least  two  disadvantages,  namely,  to  a  module  increase  in  cost, 
and  also  to  its  thermal  resistance  value  increase,  since  a 
commutation  plate  functions  not  only  as  an  electric  current 
conductor,  but  also  as  a  heat  conductor  from  thermobattery 
junctions  to  ceramic  plates. 

These  circumstances  are  especially  important  at  module 
microminiaturization. 

A  search  of  a  compromise  between  these  two  counteractive 
factors,  namely,  a  commutation  resistance  decrease  and  cost 
and  heat  losses  increase  on  a  commutation  plate  is  a  goal  for 
its  optimization. 

To  solve  this  problem  it  is  necessary  to  know  precisely  the 
effective  values  for  a  commutation  plate  resistance  and  Joule 
heat  production  in  it. 

Current  distributions  in  a  commutation  plate  and  in 
thermoelement  branch  had  been  determined  from  Laplace 
equation  with  the  corresponding  boundary  conditions. 

The  simplified  methods  to  determine  a  commutation  plate 
resistance  /?P]ate  are  known  [1,  2,  3].  They  can  be  represented 
by  formula 


where  pp  is  resistance  for  a  plate  material,  s  -  cross-section 
area,  b  -plate  length,  a  -thermoelement  leg  width. 

It  is  not  clear,  as  far  as  this  approximation  is  correct,  and 
what  errors  may  arise  from  its  use. 

The  present  paper  considers  a  precise  solution  of  the  problem 
on  an  effective  resistance  of  a  commutation  plate  and  heat 
production  in  it. 

For  each  of  the  rectangular  areas  indicated  in  Fig.  3  the 
distribution  of  electric  currents  may  be  determined  from  a 
steady-state  conditions 

divj  =  0,  (4) 


Q  -  Q  -Q  -Q, 

x-com  x^conl 


■heal -exchange 


W 


(2) 


where  Q  -  cooling  power  induced  by  Peltier  effect,  gcom-  heat 
produced  in  a  commutation  plate,  Qc ont  -  heat  produced  in 
contacts,  Qwat  exchange  -  heat  losses  due  to  heat  exchange. 
Commutation  heat  production  results,  on  the  whole,  in  the 
increase  of  a  heat  flux  along  a  hot  ceramic  plate  of  a  module. 


where  j  is  electric  current  density. 

Let  us  introduce  H(x,y)  current  function  according  to  the 
following  relations: 


(5) 


where  x  and  y  are  coordinates  illustrated  in  Fig.4  and  a 
subscript  means  the  differentiation  by  a  suitable  coordinate. 
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So,  a  physical  meaning  of  the  //function  determined  by  this 
way  is  difference  of  this  function  in  two  points  gives  an 
electric  current  value,  running  along  a  plate  section  between 
these  two  points. 

From  the  equation  (4)  it  follows  that  H  current  function 
satisfies  the  Laplace  equation 

V2//  =  0 ,  (6) 

to  which  the  boundary  conditions  for  a  current  density  vector 
and  an  electric  potential  on  the  boundaries  of  the  examined 
area  should  be  added  for  each  of  the  considered  areas,  such  as 
a  thermoelement  leg,  solder  layers  and  antidiflusion  layers. 
These  conditions  are  the  following: 

H(x,y^uniaryy—  =  H{x,ybomiaS~  =  fix), 

PmerHx(x,y^ndmr—  =  P^rHx(x,y^daJ— , 

H{xkfl,y)  =  0, 

H{xrighl,y)  =  0,  >} 

where  subscript  and  a  superscript  defines  to  which  boundary 
the  corresponding  expression  relates  to,  f(x)  -  or  F(x)  for 
lower  boundary  -  is  the  unknown  function,  indicated  in  Fig.2. 
It  is  convenient  to  solve  a  boundary  problem  for  H  function  in 
a  thermoelement  leg  as  a  sum  of  the  known  solution  H0  and 
the  disturbance  H\  H0  corresponds  to  a  homogeneous  current 
flux  along  y-axis  in  the  considered  area.  The  disturbance  H* 
is  due  to  inhomogeneous  current  distribution  on  the  area 
contacts.  Thus,  for  the  leg 


between  these  areas.  We  have  defined  that  this  system  of 
equations  has  one  and  the  only  solution,  analytical  form  of 
which  we  do  not  adduce  due  to  its  bulky  and  numerous 
parameters. 

The  computer  program  for  these  equation  solutions  has  been 
developed,  which  allows  to  define  local  and  integral  electric 
resistances  and  heat  production  for  any  values  of  geometrical 
sizes  and  material  electric  characteristics. 

This  program  lets  also  define  special  distributions  of  current 
in  a  commutation  plate  and  in  thermoelement. 

Fig.  4  to  9  illustrate  current  distribution  in  thermoelement 
legs  and  in  a  commutation  plate.  It  seems  from  Fig  4,  that  if 
commutation  plate  is  thick,  then  the  current  distribution  is 
close  to  the  uniform  distribution.  The  deviation  from  the 
uniform  distribution  increases  when  the  branch  thickness 
decreases  ( Fig.  6,  7  and  8,  9). 


Fig.4.  Current  distribution  in  commutation  plate.  I/a  =  1, 
a/d  =  100. 


H{x,y)  =  -F-  +  H'(x,y),  (8) 

aha 

where  1  -  current  running  along  a  thermoelement,  h  is 
commutation  plate  width,  d  is  commutation  plate  thickness,  a 
is  leg  width.  By  the  variable  separation  method  the  unknown 
disturbance  H(x,y)  may  be  reduced  to  the  form 


H\x,y)  =  -±< 
a 


where  fn  and  Fn  are  expansion  coefficients  of f(x)  function  and 
F(x)  function  into  proper  Fourier  series. 

Formulae,  similar  to  the  expression  (9)  may  be  deduced  for 
all  considered  two-dimensional  areas,  where  fn  and  Fn 
coefficients  will  be  introduced  for  the  each  area. 
Determination  of  these  coefficients  for  each  examined  area  is 
the  basic  problem  to  define  current  and  potential  distributions 
in  all  areas.  In  fact,  we  have  to  do  with  a  system  of  nine 
interconnected  boundary  problems  for  an  every  area  (a 
number  of  areas  indicated  in  Fig. 3  equals  to  nine).  To 
determine  the  unknown  Fourier  coefficients,  it  is  required  to 
solve  a  system  of  equations,  which  is  the  result  of  the 
boundary  conditions  similar  to  the  eq.  (7)  for  all  contacts 


F  sinh ~  ”  + 


+/„sinh  = 


sin 


nnx 


sinh 


ml 


(9) 


Fig.6.  Current  distribution  in  commutation  plate.  I/a  =  1, 

a/d  =  1000. 
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Fig.7.  Current  distribution  in  upper  half  of  the  thermoelement 
leg.  Geometry  factors  are  the  same  as  in  Fig.6. 


Fig.8.  Current  distribution  in  commutation  plate.  1/a  =0.1,  a/d 
=1000. 


Fig.9.  Current  distribution  in  upper  half  of  the  thermoelement 
leg.  Geometry  factors  are  the  same  as  in  Fig.8. 


The  figures  clearly  illustrate  that  the  calculation  program 
allows  to  obtain  besides  the  effective  resistance  values  of 
commutation  ,  heat  production,  and  precise  picture  of  current 
distributions  both  in  thermoelement  legs  and  in  a 
commutation  plate.  The  figures  show,  that  as  a  commutation 
plate  thickness  eliminates,  the  current  distribution  deviates 
from  uniform  and  one-dimensional  one  considerably.  In 
addition,  an  effective  resistance  increase  not  only  in 
commutation  plate  but  in  a  thermoelement  leg,  that  is  usually 
not  taken  into  consideration.  This  fact  must  be  taken  into 
account  when  calculating  and  design  a  cooling  module. 

After  the  aforesaid  methods  there  was  done  the  analysis  of 
commutation  plates’  heat  loss  influence  on  COP  of  a  cooling 
module.  It  was  found  that  there  are  no  principal  difficulties  in 
microminiaturization  connected  with  commutation 
resistances.  It  is  always  possible  to  choose  such  cross-section 
area  of  branch,  when  commutation  resistance  is  less  than 
contact  resistance.  Commutation  resistance  forces  not  only 


branch  length  miniaturization,  but  cross-section 
miniaturization  also. 

2.2.  Heat  loss  on  contact  resistances  influence. 

Heat  release  in  contact  resistances  results  in  worsening  of 
thermoelectric  modules  main  characteristics.  For  the 
thermoelectric  cooling  case  the  contact  resistances  effect  is 
described  by  the  equations 


- 


I1  +  2  Z°  L  7; 

[  L  +  2r0cr 

-  [L  +  2 r0a] 

-  i1 

Z0L 

T0  } 

T>-T0 

(ii) 


(12) 


?o 


max 


_K  ZpL  T2 
L[L  +  2r0o  0 


-(71-7;) 


(13) 


where  general  designations  are  commonly  known,  L  is  a  leg 
length,  r0  =  r/s  is  specific  contact  resistance. 

The  criterion  for  thermoelectric  battery  figure  of  merit  is 
often  introduced  in  the  form  of  the  equation 


Z  = 


^0 


L 

L  +  2  r0o 


(14) 


whence  it  follows  that  with  contact  resistance  increase,  figure 
of  merit  of  the  thermoelectric  battery  decreases. 


10  7  10 6  I  O’5  r°,Ohm-cm2 

Fig.  10.  Z/Z0  ratio  is  equal  to  0.95  for  the  line  1, 
0.9  for  the  line  2,  0.85  for  the  line  3,  0.8  for  the  line  4, 
0.75  for  the  line  5. 
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Fig.  10  illustrates  the  dependencies  of  thermoelements  figure 
of  merit  on  leg’s  material  figure  of  merit,  and  temperature 
difference  relative  decrease  with  a  thermoelement  height  for 
different  values  of  contact  resistance. 

So  batteries  microminiaturization  depends  directly  on  the 
contact  resistance  value. 

This  raises  the  question  as  to  what  minimum  contact 
resistances  can  be  obtained  in  principle.  That  is,  what 
fundamental  limitations  can  contact  resistance  impose  on 
miniaturization.  This  problem  has  been  solved  in  the  Institute 
of  Thermoelectricity  [9].  Different  variants  of  energetic 
models  that  describe  the  contact  region  between 
thermoelectric  material  and  metal  have  been  studied. 

9  2 

Specific  resistance  P*  1 0  Ohm-cni 


*18  -3 

Carrier  concentration  (n,p)  *10  cm 
Fig.  11.  Minimal  specific  contact  resistance  . 

9  2 

Specific  resistance  P-10  Ohnrcm 


•18  -3 

Carrier  concentration  (n,p)  -10  cm 
Fig.  12.  Minimal  specific  contact  resistance  . 

Specifically,  values  for  contact  resistances  represented  in 
Fig.  11  and  12  were  obtained  for  thermoelectric  materials 
based  on  BhTe3  alloys.  It  follows  from  the  figures  that  values 
of  contact  resistances  cannot  actually  be  lower  than  10'7  -10'8 
Ohm  cm2. 


The  possibilities  of  microminiaturization  caused  by  the 
contact  resistance  effect  are  apparently  limited  by  these 
values. 

We  can  conclude,  that  there  are  the  following  tentative 
requirements  to  contact  resistance 

10-6  Ohm  cm2  for  a  branch  length  of  1000  mcm, 

10-7  Ohm  cm2  for  a  branch  length  of  100  mcm, 

10-8  Ohm  cm2  for  a  branch  length  of  10  mcm. 
Investigations  directed  to  the  small  contact  resistance  values 
achievement  are  essentially  depend  on  feasibility  of 
considerably  precise  measurement  of  contact  resistance 
values.  Contact  resistance  measurements  against  the 
backgrounds  of  relatively  large  legs  resistance  is  the 
complicated  problem  and  requires  the  creation  of  special 
methods.  The  Institute  of  Thermoelectricity  has  conducted  the 
investigations  on  the  creation  of  such  methods. 

2,3.  Method  for  precise  measurement  of  contact  resistance. 

In  the  work  [1]  L.S.Stilbans  and  co-workers  had  proposed  the 
method  of  metal-semiconductor  contact  resistance 
determination  by  indication  of  thermo-e.m.f.  zero  equality 
developed  by  the  contact  when  direct  current  pulses  passed 
through  the  contact.  In  accordance  with  [1]  the  contact 
resistance  equals  to 

Rk  =  (at  -  a 2)T  /  I0 , 

where  (04  -  a2)  is  the  difference  of  semiconductor  and 
metal  coefficients  of  thermo-e.m.f.,  T  is  the  contact 
temperature,  Io  is  the  pulse  current  corresponding  to  the 
thermo-e.m.f.  zero  signal. 

The  Stilbans’  method  unfortunately  did  not  take  into  account 
the  Joule  heat  entered  to  the  contact  of  a  semiconductor, 
metal  and  semiconductor  thermal  capacity,  error  of  the  used 
zero-indicator,  and  it  did  not  give  the  precise  assessment  of 
the  proposed  method.  The  present  paper  gives  the 
temperature  dynamics  temperature  of  thermoelectric  material 
with  metal  plate  contact  when  direct  current  rectangular 
pulses  passed  through  the  contact;  compensation  current 
corresponding  to  the  contact  zero  temperature  at  the  end  of 
pulse  action  and  the  error  of  contact  resistance  determination 
by  the  compensation  current. 


Fig.  13.  Diagram  of  a  metal -thermoelectric  material  contact. 

Model  for  calculation  is  given  in  Fig.  13.  It  has  a  leg  of 
thermoelectric  material  1  which  is  in  thermal  and  electric 
contact  2  with  a  commutation  plate  3.  Direct  current  pulse  of 
j  density  is  passed  through  the  contact  (Fig.  14). 
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Current  density 


Fig.  14  Rectangular  current  pulse  passed  through  the  contact 
metal-thermoelectric  material. 


The  contact  overheating  temperature  can  be  represented  as 
the  sum  (Fig.  15) 

AT  it)  —  A Tjoujecontact  +  A Tjouie j,ranch  +  ATPeltier , 

A  T  is  the  contact  temperature  change  due  to  current  passing 
at  the  end  of  a  pulse,  A  Tjouie  contact  is  the  contact  temperature 
change  due  to  the  Joule  heat  release  on  the  contact  at  the  end 
of  a  pulse,  ATj0Uie'branch  is  the  contact  temperature  change 
due  to  the  Joule  heat  release  in  a  leg  at  the  end  of  a  pulse, 
A  Tp^t.  is  the  contact  temperature  change  due  to  the  Peltier 
heat  release  in  the  contact  at  the  end  of  a  pulse, 


A  T Joule,  contact 


_  4  •  8/  •  p  •  j 2  • 

A  *  Joule,  branch  ~  / — 

3  ■  y/n  -c 
_  8t-a-j-T0 

Peltier  “ - > 


commutation  plate  thermal  capacity  per  a  unit  of  the  contact 
area. 


t 


Fig. 15.  Dynamics  of  the  contact  overheating  AT  and 
its  components  during  a  pulse  of  current. 

2.4.  Thermal  resistance  effect. 

The  thermoelement's  geometric  dimensions  decrease  is 
accompanied  with  thermal  flow  density  through  junctions 
increase  that  results  in  worsening  of  converters  properties 
because  of  temperature  difference  in  the  commutating  plates 
and  other  elements  of  module  structure.  The  calculations  for 
these  losses  effect  on  the  limitations  in  microminiaturization 
have  been  given. 


Fig.  16.  Thermoelement  model  with  an  infinite  flat  substrate. 


where  St  is  pulse  duration,  To  is  the  initial  contact  Several  examples  of  module  approximations  have  been 

temperature,  a  is  the  leg  coefficient  of  thermo-e.m.f.,  p  is  exami6ed,  for  a  thermoelement  model  with  an  infinite  flat 

the  leg  specific  resistance,  k  is  the  leg  specific  heat  substrate  (Fig.  16),  for  a  thermoelement  model  with  a  finite 

conductivity,  a  is  the  thermal  conduction,  hc u  the  size  substrate  (Fig.  17),  for  a  dispersal  battery  model  (Fig. 

commutation  plate  thickness,  y  is  specific  contact  resistance,  18). 

c8cu  is  the  commutation  plate  cube  thermal  capacity,  c  is  the 
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Fig.  17.  Thermoelement  model  with  a  finite  size  substrate. 


Fig.  18.  Dispersal  battery  model. 

Temperature  distribution  for  such  models  was  determined  by 
the  corresponding  Poisson’s  equations  with  boundary 
conditions  of  the  first  kind.  Actually,  such  problems  have  no 
simple  analytical  solutions.  They  were  solved  with  the  help  of 
computers.  The  calculation  results  for  a  number  of  specific 
variants  are  given  in  Fig.  18,  19,  20,  21. 


O  f  2  3  4  S  6 


Fig.  19. 


Fig.20. 


O  t  2  3  4  S  6  .  Z,  a*v- 


Fig.21. 

The  figures  illustrate  relative  losses  in  temperature  difference 
Tmax  at  different  geometric  dimensions  of  the  structure 
elements. 

It  follows  from  figures  that  losses  in  heat  transfer  are  of  great 
importance  for  microminiaturization  when  the  leg's  length  is 
lesser  than  1  mm.  Losses  in  heat  transfer  can  be  only  reduced 
by  heat  release  intecification  at  the  expense  of  materials  with 
large  thermal  conduction  use,  of  small  thickness  of  heat 
transfers  and  heat  release  from  the  battery  intencification. 
The  factor  of  heat  losses  effect  looks  like  one  of  the  decisive 
in  microminiaturization  of  batteries  and  imposes  limitations 
on  legs  height  of  approximately  up  to  50-  100  mcm. 
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3.  New  physical  factors  which  can  effect  on  module's 
operation 

In  order  to  determinate  model  assumptions  let  us  consider 
what  kind  of  real  structures  exist  in  thermobattery  branches 
and  in  neighborhood.  Sometimes  at  microminiaturization 
there  is  such  a  situation,  when  all  the  branch  belongs  to  the 
near-contact  area.  In  this  case  technological  processes  play 
the  main  role  because  they  form  near-contact  areas. 

Really,  if  near-contact  area  is  formed  by  simple  soldering  an 
intermediate  region  appears.  This  region  consist  of  solder 
material  and  thermoelectric  material  also.  This  region  has 
very  bad  thermoelectric  properties.  The  width  of  the  region 
has  a  range  between  5  and  50  mcm.  It  depends  on 
technological  conditions.  Therefore,  if  temperature  gradient 
concentrates  in  this  region,  then  module  properties  will 
worsen  very  intensively.  Therefore,  such  structures  are  not 
prospective  for  investigation  and  microbattery  applications. 
Sometimes  for  high  reliability  achievement  thick 
antidiffusion  layers  are  used,  especially  at  high  temperatures. 
These  layers  have  continuos  change  from  their  own  properties 
to  thermoelectric  material  ones  (for  example  pressed 
antidiffusion  layers  based  on  cobalt  powder  or  thick  layers  of 
loose  nicel  of  100  mcm  thickness).  These  structures  are  not 
very  promising  for  microminiaturization. 

The  structures  with  a  sharp  boundary  are  interesting  (for 
example  antidiffusion  layers  prepared  by  galvanic  process  or 
obtained  from  gas  phase,  when  tiny  branch  consist 
undamaged  thermoelectric  material).  In  this  case  new 
physical  phenomena  can  take  place,  which  are  small  in  bulk 
samples.  These  effects  can  be  connected  with  a  large 
temperature  gradient  and  perhaps  with  microscopic  properties 
of  current  carriers  and  phonons  (for  example  various 
diffusion  lengths,  when  these  lengths  are  close  to  the  sample 
size). 

It  will  be  noted,  that  the  theory  of  thermoelectric  phenomena 
is  not  ready  for  such  problem  solution.  In  thermoelectricity  a 
theory  based  on  the  Boltzmann  kinetic  equation  is 
predominant  at  various  approximations.  It  is  not  enough  for 
effects  which  we  consider.  A  new  approach  has  been 
proposed  by  Dr.  Gurevich  and  co-workers  [12].  These 
investigations  consider  electron  -  phonon  subsystems 
interaction,  boundary  conditions  and  sample  size  influence. 
The  developing  of  precise  calculation  methods  need  a  time  in 
the  case  of  tiny  thermoelectric  converters.  These  methods  will 
be  result  of  the  theory  developing. 

The  second  difficulty  in  precise  data  obtaining  about 
peculiarities  of  thermoelectric  effects  in  micro-size  samples 
are  the  information  on  microcsopic  parameters  of  materials 
absence  especially  for  multi-component  materials  with 
developed  defects.  Usual  optical  methods  are  unsuccessful  in 
this  case. 

Therefore,  we  analyze  new  physical  factors  on  the  base  of  the 
theory  and  the  experiments  at  the  present  time  level. 

3.1.  The  effect  of  large  temperature  gradients 
Legs  height  decrease  under  temperature  difference  in  a 
module  preservation  results  in  temperature  gradient  increase. 
Macroscopic  effects  effecting  on  the  physical  processes  in 
Peltier  batteries  can  arise  under  these  conditions. 


One  of  possible  mechanisms  of  large  temperature  gradients 
effect  is  the  injection  mechanism  of  Tauc.  This  mechanism 
consists  in  the  appearance  of  nonequilibrium  current  carriers 
under  the  effect  of  a  temperature  gradient  [10]. 

The  other  mechanism  of  the  large  temperature  gradients 
effect  on  the  kinetic  phenomena  character  consists  in  the 
departure  of  symmetrical  by  electrons  quasi-pulse  part  of  the 
distribution  function  from  the  Fermi  equilibrium  function 
under  the  effect  of  temperature  gradient  [11].  The 
calculations  show  that  at  real  values  of  minimum  heights  10- 
100  mcm,  values  of  temperature  gradients  increase 
moderately  (3-5  104  K  cm"1).  Under  such  relatively  small 
temperature  gradients  the  figure  of  merit  increase  is  slight 
(0.5-0.6  %),  however  the  material  figure  of  merit  can  be 
essentially  increased  under  the  large  temperature  gradients 
effect,  when  the  temperature  gradient  is  two-three  orders  of 
magnitude  larger. 

That  is  why,  such  possibility  must  be  taken  into  account  in 
microminiaturization  conceptually. 

3.2.  Consideration  of  size  effects  influence. 

The  investigations  on  size  effects  influence  at  the  interface  of 
media  have  been  conducted.  The  size  effect  influence  on  the 
temperature  length  of  cooling  on  the  temperature  difference 
in  a  thermoelement  has  been  studied.  Two-temperature 
problem  has  been  considered.  Equation  sets  for  energy 
balance  for  electronic  and  lattice  temperatures  were  starting 
for  calculations.  The  calculation  results  showed  that  at  leg’s 
length  of  an  order  of  10  mcm  the  additional  Tmax  decrease 
by  approximately  2  K  may  be  achieved  due  to  size  effects. 
Temperature  difference  can  increase  by  10-15  K  at  the  leg's 
length  of  1  mcm. 

3.3.  Consideration  of  phonons  scattering  on  samples 
boundaries. 

Besides  the  studied  above  size  effect  on  temperature  lengths 
of  cooling,  size  effects  connected  with  phonons  scattering  on 
samples  boundaries  (semiconductor  legs)  that  result  in  the 
thermal  conduction  decrease  and  correspondingly  the 
increase  of  the  material  figure  of  merit,  can  also  influence  on 
thermoelements  characteristics. 

The  evaluations  made  for  thermoelectric  materials  showed 
that  under  standard  temperatures  (300K)  the  phonon 

scattering  effect  on  the  sample  boundary  becomes  appreciable 
at  the  legs  size  of  an  order  of  10"6  cm. 

4.  General  conclusions 

1.  A  problem  of  thermobatteries  microminiaturization  can  be 
separated  into  three  basic  steps,  namely 

Microminiaturization  level  of  1000  -  100  mcm 

branch  length  range; 

Microminiaturization  level  of  1000  -  100  mcm 

branch  length  range; 

Microminiaturization  level  of  1000  -  100  mcm 

branch  length  range. 

2.  The  level  of  1000  -  100  mcm  has  no  principal  difficulties. 
It  is  possible  to  reach  this  level  by  means  of  usual  methods. 

3.  In  the  case  of  the  level  of  1000  -  100  mcm  new  physical 
regularities  can  begin  to  appear,  which  can  compensate  losses 
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connected  with  electrical  and  thermal  contact  resistances  and 
thermobatteiy  heat  exchange. 

4.  At  the  present  time  the  level  of  10  -  1  mem  is  very 
problematic  from  both  the  theory  and  application  point  of 
view. 

5.  The  microminiaturization  development  will  stimulate  new 
techniques  because  usual  known  methods  are  ineffective  for 
micro-size  module  creation. 
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Abstract 

The  performance  of  a  thermoelectric  (TE)  heat  exchanger 
assembly  is  greatly  affected  by  the  quality  of  the  thermal 
junctions  connecting  the  modules  and  the  mounting  surfaces 
of  the  heat/cold  sinks.  The  quality  of  this  junction,  in  turn,  is 
affected  by  many  different  variables.  These  include  heat  sink 
surface  quality,  quantity  of  thermal  grease,  contaminates  in 
the  thermal  grease,  assembly  screw  torque,  tapped  hole 
quality,  surface  finish  of  the  modules  and  the  variance  in 
module  heights. 

Until  now,  junction  quality  could  only  be  verified  by 
disassembly  of  the  heat  exchanger  or  inferred  from  a  full 
cooling  performance  test  of  the  assembly.  This  paper  details 
a  new,  transient  test  method  which  accurately  and  dependably 
characterizes  the  module-to-heat-sink  thermal  junctions.  A 
small  current  is  applied  to  the  TE  modules  in  a  thermoelectric 
assembly.  This  induces  a  small  temperature  difference  across 
the  module  and  between  the  ceramics  of  the  module  and  its 
neighboring  heat/cold  sink.  Power  is  then  removed  and  the 
module’s  ceramics  return  to  the  temperature  of  its 
neighboring  heat  sink.  The  rate  of  temperature  decay  is 
directly  proportional  to  the  junction  quality.  Thus,  the 
residual  Seebeck  decay  waveform  directly  correlates  to 
thermal  junction  quality,  providing  the  means  for  rapidly  and 
accurately  characterizing  assembly  quality. 

Introduction 

The  performance  of  a  thermoelectric  assembly  is  largely 
affected  by  the  quality  of  the  thermal  junctions  between  the 
module  and  the  heat  sink  and  cold  sink  (see  Figure  1). 


This  is  the  most  troublesome  area  in  an  assembly. 
Historically,  it  has  also  been  one  of  the  most  difficult  areas  in 
an  assembly  to  check  for  quality.  Heat  sinks,  for  example, 
can  be  visually  inspected  for  quality.  Modules  can  be  tested 
prior  to  use.  The  AC  resistance  of  an  assembly  can  be 
checked  to  ensure  the  modules  haven’t  been  damaged  during 
assembly.  Thermal  junctions,  however,  are  buried  in  the 
assembly.  Visual  inspection  of  these  junctions  is  difficult  and 
not  always  accurate.  For  example,  one  may  determine  that  a 
module  is  making  contact  with  a  heat  sink,  but  it  is 
impossible  to  know  whether  or  not  the  correct  compression 
force  is  being  applied,  even  though  the  torque  applied  to  each 
assembly  screw  is  correct.. 

Typically,  the  only  way  to  measure  the  quality  of  these 
junctions  has  been  to  actually  test  the  completed  assembly  for 
thermal  performance  -  either  by  measuring  its  steady-state 
cooling  performance  or  by  measuring  its  transient  cool-down 
capabilities.  Poor  junctions  lead  to  poor  performing 
assemblies  in  both  cases.  However,  these  measurement 
techniques  take  a  considerable  amount  of  time  and  require  the 
attachment  of  instrumentation  to  achieve  proper  results. 
Thus,  a  new  measurement  technique  for  determining  the 
quality  of  a  thermal  junction  is  desirable.  An  ideal  test  would 
exhibit  these  criteria: 

1 .  The  test  must  be  reproducible. 

2.  The  test  must  work  when  the  assembly  is  not  isothermal. 

3.  Sensitivity  must  be  greater  than  the  measurement  error. 

4.  With  all  other  aspects  of  quality  assured,  passing  the 
junction  quality  test  should  mean  the  assembly  delivers 
acceptable  performance. 

5.  No  additional  instrumentation  of  the  assembly  should  be 
required. 

6.  The  test  should  be  much  quicker  than  a  full  performance 
test. 

This  paper  introduces  a  different  method  of  testing  which 
determines  the  quality  of  a  thermal  junction  reproducibility 
and  in  a  minimum  amount  of  time  without  instrumentation. 

Test  Method 

Figure  2  represents  a  simplified  thermal  model  of  an 
unpowered  assembly.  A  temperature  difference  can  be 
introduced  between  the  module  ceramics  and  their 
neighboring  heat/cold  sinks  by  applying  a  small  current  to  the 
module.  Removing  current  from  the  module  allows  the 
temperature  difference  within  the  module  to  decay.  Varying 
thermal  resistance  between  a  module  and  the  sinks  will  affect 
the  rate  at  which  this  temperature  difference  decays.  This 
phenomenon  is  the  crux  of  this  testing  method.  By  analyzing 
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the  Seebeck  decay  waveform  of  an  assembly,  it  is  possible  to 
differentiate  between  assemblies  of  identical  construction  yet 
varying  thermal  junction  quality. 


All  test  data  gathered  was  taken  on  a  TE  Technology,  Inc. 
model  TS-205  test  system  [1].  This  tester  is  capable  of 
supplying  a  constant  current  to  the  TE  assembly,  switching 


Fig.  3  Transient  test  waveform. 


power  off,  and  the  monitoring  and  storing  the  voltage  decay. 
A  typical  test  waveform  is  shown  in  figure  3. 

Current  was  applied  to  the  assembly  for  120  seconds.  The 
magnitude  of  the  applied  current  was  equal  to  3%  of  Imax. 
This  current  and  time  combination  was  chosen  because  it 
created  a  sufficiently  large  Seebeck  voltage  (temperature 
difference)  across  the  modules.  Current  was  then  switched 
off  and  the  residual  Seebeck  voltage  was  recorded.  The  decay 
waveform  was  then  analyzed  to  produce  a  junction  quality 
factor  which  was  proportional  to  the  quality  of  the  thermal 
junctions  within  the  assembly. 

Testing 

The  first  series  of  tests  shows  the  difference  between  junctions 
of  varying  quality.  Two  aluminum  heat  sinks  of  equal  size 
and  mass  were  combined  with  a  6  amp  127  couple  module  to 
make  a  test  assembly.  For  the  experiments,  an  assembly  with 
infinitely  poor  junctions  was  represented  by  a  module  itself 
(no  heat  sinks  used).  An  assembly  with  moderately  poor 
junctions  was  represented  by  using  no  grease  during  the 
assembly  process.  Finally,  an  assembly  with  good  thermal 
junctions  was  represented  by  using  thermal  grease  during  the 
assembly  process.  Figure  4  shows  the  transient  decay 
waveforms  for  these  three  cases. 
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Fig.  4  Voltage  decay  waveforms  for  various 
configurations. 
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This  same  assembly  was  then  tested  when  it  was  not  in  an 
isothermal  state.  This  non-isothermal  state  was  induced  by 
using  positive  and  negative  test  currents  to  create  a 
significant  temperature  difference  between  the  heat  and  cold 
sinks  of  the  assembly.  The  most  extreme  temperature 
difference  between  the  sinks  took  approximately  one  hour  to 
create  at  the  extreme  case.  This  data  is  shown  in  figure  5.  In 
the  case  where  the  voltage  actually  appears  to  level  off  at  a 
negative  voltage,  the  assembly  was  “charged”  to  allow  a 
negative  temperature  difference  to  build  between  the  heat  sink 
and  cold  sink.  Then,  the  leads  were  reversed  and  a  test  cycle 
was  completed. 


>  8 

E  6 

<D  4 

Ol 

«  2 

0  o 

> 

-2 

A 

L" 

^ — 

0  2  4  6  8  1  0  1  2 

Time  (Seconds) 

Fig.  5  Voltage  decay  waveforms  for  various  starting 
conditions. 

Results 

Figure  4  clearly  shows  the  difference  in  transient  waveforms 
between  assemblies  of  varying  junction  quality.  The  general 
trends  are  as  follows:  for  any  given  charge  time  and  current, 
the  assembly  with  better  thermal  junctions  will  exhibit  a 
lower  initial  Seebeck  voltage.  The  decay  waveform  is  much 
slower  for  an  assembly  with  good  thermal  junctions. 

Figure  6  shows  the  time  constants  for  the  three  waveforms  of 
figure  4.  An  assembly  with  better  thermal  junctions  will,  in 
general,  have  a  larger  time  constant.  However,  only  the 
module  exhibited  a  steady  time  constant. 


0  2  4  6  8  10  12 
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Fig.  7  Residual  Seebeck  decay  for  various  starting 
conditions. 

Figure  5  shows  that,  regardless  of  the  temperature  differences 
between  the  heat  sink  and  cold  sink,  the  shapes  of  the 
transient  decay  waveforms  are  nearly  identical  by  visual 
inspection.  This  is  further  supported  by  figure  7.  Here,  the 
waveforms  of  figure  5  have  been  adjusted  to  show  the  amount 
of  change  in  Seebeck  decay  as  a  function  of  time.  Once 
again,  these  waveforms  are  nearly  identical. 

Derivation  of  Junction  Quality  Factor 

Figures  4,  5  and  7  clearly  show  that  an  assembly  will  have  a 
characteristic  decay  waveform  and  that  its  shape  is  dependent 
on  the  quality  of  the  thermal  junctions  in  the  assembly.  A 
formula  has  been  created  to  extract  a  factor  from  the  decay 
waveform  which  corresponds  to  the  quality  of  the  thermal 
junctions.  This  factor,  called  the  junction  quality  factor,  is 
defined  by  the  equation: 

Qjctn  =  (Vi  -  Vo)/(Vo-Vio)  (1) 

Where:  Vi  =  Voltage  just  prior  to  current  turn  off, 

Vo  =  Voltage  immediately  after  current  turn  off, 

Vio  =  Voltage  10  seconds  after  current  turn  off. 

In  order  to  understand  how  this  formula  was  derived,  it  is 
necessary  to  understand  some  proposed  analysis  techniques 
which  were  not  chosen. 

A  calculation  of  time  constant  was  initially  thought  to  be  the 
choice  method  for  characterizing  junction  quality.  However, 
this  proved  to  be  impractical.  Figure  5  shows  that,  if  there  is 
a  temperature  difference  between  the  heat  sink  and  cold  sink. 
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the  transient  voltage  will  decay  to  an  apparent  non-zero 
asymptote.  This  shall  be  called  V*  for  the  sake  of  analysis.  If 
we  assume  the  decay  can  be  characterized  by  a  simple  first 
order  exponential  equation  (which  it  cannot),  the  equation 
would  be  written: 


Vt=(Vo-  Voo)e't/T  +  V« 

I 

The  equation  can  be  rewritten  as: 


T  = 


In 


-t 

Yt-YooV 

Vo-Voo; 


(2) 


(3) 


Clearly  must  be  known  for  t  to  be  calculated.  Because 
Voo  is  really  only  an  apparent  asymptote,  and  because  it 
occurs  a  considerable  time  after  current  switch  off  in  a 
“good”  assembly,  this  was  deemed  impractical. 

The  ratio  of  Vt/Vo  was  also  considered.  This  too,  was 
considered  unacceptable  because  of  the  unknown  value  of  Voo. 
One  quickly  calculable  number  which  was  representative  of 
the  quality  of  the  junction  was  Vo- Vt  where  Vt  represents  the 
module  voltage  “t”  seconds  after  current  switch-off.  This 
number  proved  to  be  very  sensitive  to  junction  quality.  A 
poor  junction  allows  a  relatively  high  initial  Seebeck  voltage 
followed  by  a  rapid  decay.  Thus,  Vo-Vt  is  large  for  this  case. 
Conversely,  a  good  junction  allows  a  lower  initial  Seebeck 
voltage  followed  by  a  slow  decay.  This  causes  Vo-Vt  to  be 
small  for  a  good  thermal  junction.  Furthermore,  because  Vo- 
Vt  represents  only  the  amount  of  decay  in  Seebeck  voltage,  it 
is  insensitive  to  a  waveform  which  decays  to  a  non-zero 
asymptote. 

Used  alone,  the  above  defined  difference  varies  directly  with 
both  the  number  of  couples  and  current  in  the  module  or 
series/parallel  combination  of  modules.  The  resistive  voltage 
drop  measured  immediately  prior  to  current  switch  off  was 
then  used  to  normalize  this  difference.  Thus,  a  series 
combination  of  n  modules  will  increase  both  the  resistance 
and  Seebeck  voltage  by  a  factor  of  n.  Conversely,  paralleling 
n  modules  will  reduce  the  reduce  the  resistance  by  a  factor  of 
1/n.  However,  the  current  per  couple  (and  thus  Seebeck 
voltage)  is  also  reduced  by  a  factor  of  1/n.  Inclusion  of  this 
resistive  voltage  lead  to  the  Qjctn  formula  as  defined  in 
equation  1.  By  dividing  the  resistive  voltage  with  the  decay 
in  Seebeck  voltage  a  dimensionless  number  is  derived  which 
is  directly  proportional  to  the  quality  of  the  thermal  junction 
yet  insensitive  to  varying  series/parallel  combinations  of 
modules. 

The  sensitivity  and  reproducibility  of  Qjctn  was  measured  by 
testing  the  three  original  assemblies.  Figure  8  shows  a 
threefold  increase  in  Qjctn  between  a  module  and  an 
assembly  made  without  thermal  grease.  Qjctn  then  doubled 
when  the  assembly  was  made  with  grease.  Reproducibility 
was  excellent.  All  three  repeat  tests  for  each  type  of  assembly 
yielded  nearly  identical  results. 


Fig.  8  Qjctn  for  various  configurations. 


Discussion 

Figure  5  shows  that  the  slope  of  the  curves,  and  therefore 
Qjctn,  is  relatively  insensitive  to  temperature  differences  that 
exist  between  the  heat  and  cold  sinks  in  an  assembly.  We  can 
deduce  from  this  data  that  the  test  has  a  strong  dependence  on 
the  time  constant  of  the  module  and  relatively  little 
dependence  on  the  time  constant  of  the  assembly.  As  the  time 
constant  of  module  is  orders  of  magnitude  lower  than  that  of 
an  assembly,  it  should  stand  to  reason  that  test  times  are 
orders  of  magnitude  lower  than  assembly  performance  tests. 
However,  this  strong  dependence  on  the  module’s  time 
constant  suggests  that  the  thermal  mass  of  a  module’s 
element  length,  ceramics,  tabs  and  solder  would  affect  the  test 
and  produce  a  unique  Qjctn  per  type  of  module. 

Currently,  no  method  exists  for  the  prediction  of  Qjctn. 
However,  a  transient  model  such  as  the  one  developed  by  Lau 
and  Buist  [2]  could  very  well  be  adaptable  for  prediction  of 
Qjctn.  This  work  is  currently  underway. 

Finally,  it  should  be  noted  that  this  transient  test  only 
qualifies  the  thermal  junctions  in  an  assembly.  Therefore,  it 
must  be  used  in  conjunction  with  other  tests  to  qualify  an 
assembly.  These  tests  include  the  testing  of  modules  for 
figure  of  merit,  testing  the  AC  resistance  of  the  modules 
before  assembly  and  testing  the  AC  resistance  of  the  modules 
after  assembly.  However,  since  the  latter  is  easily  extractable 
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from  the  same  raw  data  base,  Qjctn  and  AC  resistance  are 
essentially  tested  simultaneously. 

Summary/ Conclusions 

A  new  method  has  been  developed  to  test  the  quality  of  the 
moduie-to-heat/cold  sink  thermal  junctions  within  a 
thermoelectric  assembly.  A  small  current  is  applied  to  the 
modules  for  120  seconds.  The  current  is  then  removed  and 
the  residual  Seebeck  voltage  decay  is  monitored.  Thermal 
junctions  of  differing  qualities  will  exhibit  different  decay 
waveforms.  These  waveforms  differ  in  the  amount  of  residual 
Seebeck  voltage  as  well  as  the  rate  at  which  it  decays.  Thus, 
a  formula  for  junction  quality,  Qjctn,  was  defined  which 
compares  the  power-on  resistive  voltage  to  the  decay  in 
Seebeck  voltage  10  seconds  after  current  is  switched  off. 
Qjctn  becomes  larger  as  the  quality  of  the  thermal  junction 
increases.  The  inclusion  of  resistance  voltage  drop  in  the 
equation  makes  Qjctn  insensitive  to  any  series  or  parallel 
combination  of  modules. 

The  test  has  important  applications  as  a  quality  control  tool. 
It  reproducibility  exhibits  a  high  sensitivity  to  thermal 
junction  quality.  Furthermore,  testing  can  be  completed  in 
about  two  minutes,  making  the  test  much  quicker  than  other 
methods  used  to  distinguish  junction  quality.  This  method 
has  been  evaluated  by  Ritzer,  Nagy  and  Buist  [3]  and 
established  as  a  very  effective  quality  control  tool  for 
production. 
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Abstract 

This  paper  describes  the  application  of  the  Transient  Analysis 
Test  method  to  evaluate  the  integrity  of  thermal  junctions  in  a 
thermoelectric  (TE)  assembly.  The  quality  of  thermal 
junctions  (Qjctn)  in  assemblies  was  measured  by  creating  a 
thermal  gradient  in  the  TE  modules  comprising  an  assembly 
and  analyzing  the  decay  of  the  residual  Seebeck  voltage.  A 
study  was  made  of  various  junction  conditions  that  exist 
between  the  TE  module  and  its  heatsinks  which  are  common 
to  most  assembly  techniques.  Poor  thermal  contacts  were 
deliberately  introduced  such  as  insufficient  thermal  grease, 
inadequate  compression  and  improper  surface  finishes  in  test 
assemblies  in  order  to  simulate  typical  assembly  defects.  A 
direct  correlation  between  good  and  inadequate  thermal 
junctions  was  established  and  illustrated  through  graphic  test 
data  evaluation. 

Introduction 

It  is  essential  to  achieve  maximum  surface  contact  between 
the  thermoelectric  module  and  the  mounting  surfaces  of  its 
heatsinks  in  order  to  obtain  optimum  performance  in  a 
thermoelectric  assembly.  Though  other  conditions  such  as 
proper  TE  module  selection  and  heatsink  optimization  should 
not  be  ignored,  there  are  still  variables  that  exist  that  can 
greatly  affect  performance  in  the  assembly.  The  quality  of  the 
thermal  interface  at  both  mounting  surfaces  of  the  heatsinks 
and  the  TE  module  are  dependent  on  several  conditions. 
These  are  insufficient  thermal  grease  or  compound, 
inadequate  or  uneven  compression,  rough  heatsink  and 
module  mounting  surfaces  and  foreign  material 
contamination  in  the  interface  medium  itself.  These  factors 
make  it  difficult  to  assure  that  a  quality  thermal  junction 
exists  in  all  TE  assemblies  manufactured. 

In  the  past,  junction  quality  could  be  verified  by  performing  a 
complete  “cool  down”  test  to  measure  transient  rate  and 
steady  state  cooling  levels.  The  problem  with  this  technique 
is  the  time,  labor  and  equipment  required  to  achieve  accurate 
results.  This  new  transient  analysis  test  method  can  verify 
the  quality  of  the  thermal  interface  in  only  a  couple  of 
minutes. 

This  paper  details  this  breakthrough  in  thermoelectric 
assembly  testing,  describes  various  test  conditions  used  to 
verify  its  sensitivity  and  repeatability  and  illustrates  results  of 
the  tests  performed. 


Theory 

As  a  TE  assembly  is  powered  by  a  DC  current,  approximately 
-'%  of  Imax,  it  will  create  a  small  temperature  difference 
within  the  TE  module.  Upon  abrupt  power  shut-off,  a 
measurable,  residual  Seebeck  voltage  will  exist  at  the  TE 
module  input  power  leads.  This  voltage  will  decay  with  time. 
The  nature  of  the  short-term  decay  wave  form  will  be  affected 
by  the  quality  of  the  thermal  interfaces  in  the  assembly.  If  the 
thermal  contact  with  the  plates  were  poor,  the  short-term  rate 
of  decay  would  be  faster,  approaching  a  totally  isolated  TE 
module.  Conversely,  if  the  thermal  contact  were  good,  the 
rate  of  decay  would  be  more  controlled  by  the  thermally 
massive  plates,  and  the  decay  would  be  slower.  Therefore, 
measuring  and  analyzing  the  short-term  residual  Seebeck 
voltage  as  it  decays  offers  a  means  of  quantifying  the  thermal 
quality  of  the  junctions  between  the  TE  module  and  the 
opposing  plates.  There  wasn’t  any  question  as  to  whether  this 
method  would  work  or  not  (at  least  in  the  extreme  cases). 
The  only  question  was  whether  or  not  this  method  were 
reproducible  and  sensitive  enough  to  work  as  an  effective 
quality  control  tool  for  identifying  good  thermal  junctions 
from  those  not  quite  good  enough.  This,  then,  is  the  subject 
of  this  paper:  to  test  this  method  in  a  production  environment 
and  empirically  evaluate  its  effectiveness. 

The  test  procedure  was  essentially  an  extension  of  the 
BURST  test  described  by  Buist  [1],  A  high-speed,  high- 
resolution  A/D  board  was  used  to  repeatedly  test  the  TE 
module  voltage  before,  during  and  after  power-off  in  one 
continuous  step.  Thus,  the  data  not  only  defined  the  decay 
wave  form  but  also  provided  the  key  raw  data  needed  to 
determine  the  true  and  accurate  electrical  resistance  of  the 
modules.  Thus,  this  test  method  provided  the  data  needed  to 
not  only  test  the  thermal  junction  quality  but  also  confirm  the 
integrity  of  the  TE  modules  themselves. 

A  dimensionless  factor,  Qjctn,  was  developed  by  Nagy  and 
Buist  [2]  via  analysis  of  the  short-term  (10  seconds)  voltage 
decay  wave  form.  It  is  given  in  equation  1: 

Qjctn  =  ( Vi- V  o)/  (V  o- V  l  o)  (1) 

Where: 

Vi  =  The  voltage  just  before  power-off, 

Vo  =  The  voltage  immediately  after  power-off,  and 

Vio  =  The  voltage  10  seconds  after  power-off. 
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TE  module  Tests 

The  first  series  of  tests  were  performed  using  a  TE 
Technology,  Inc.  model  TS-205  computerized  test  system 
applied  to  suspended,  individual  TE  modules.  These  tests 
were  performed  to  determine  the  effects  of  varying  TE 
module  parameters  had  on  Qjctn.  Several  modules  were 
selected  all  having  varying  pellet  geometry,  numbers  of 
couples  and  figure  of  merit,  Z.  These  modules  were  tested 
while  suspended  in  air  within  a  small  box  to  stabilize 
convection  and  radiation  effects  (see  Figure  1). 

Two  experiments  were  conducted  in  this  configuration  using 
different  TE  module  types  obtained  from  various 
manufacturers  around  the  world.  The  type  of  TE  module 
selected  was  a  127  couple,  6  amp^ariet^because  it  was 
common  amongst  most  manufacturers.  However,  a  wide 
variety  of  TE  module  designs  were  also  obtained  from  one 
supplier  in  order  to  determine  the  impact  of  geometry  as  well 
TE  material  parameters  on  the  parameter,  Qjctn. 

The  first  of  these  two  experiments  was  to  measure  each 
module’s  physical  and  thermoelectric  material  parameters  in 
order  to  establish  a  base  line  for  the  subsequent  analysis  and 
assembly  tests.  Each  TE  module’s  physical  characteristics, 
overall  size,  weight,  ceramic  thickness  and  pellet  tab  size 
were  determined.  The  TE  module  lead  wires  were  also 
removed  to  eliminate  any  possible  variations  they  might  have 
induced.  They  were  then  tested  for  various  TE  material 
properties,  including  the  figure  of  merit,  Z. 

The  second  set  of  tests  consisted  of  testing  for  Qjctn  using  the 
same  test  equipment  and  test  software  as  for  the  TE  material 
parameter  tests,  but  set  up  to  determine  Qjctn  as  defined  in 
equation  1. 
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Fig.  2  Effect  of  Figure  of  Merit,  Z,  on  Qjctn  on  suspended 

TE  modules  from  various  manufacturers. 

The  initial  results  are  shown  in  Figure  2.  It  was  observed  that 
Z  apparently  inversely  affects  the  measured  Qjctn. 

Figure  3  illustrates  the  impact  of  TE  module  geometry  on  the 
Qjctn  value.  All  modules  in  this  data  set  were  from  the  same 
supplier  but  were  of  widely  different  geometrical  design. 
Although  there  was  some  variance  with  other  geometrical 
parameters,  the  only  obvious  trend  observed  was  the  decrease 
in  Qjctn  with  decreasing  TE  pellet  height  as  clearly  evident  in 
this  plot. 
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Fig.  3  Effect  of  TE  pellet  height  on  Qjctn  of  suspended  TE 
modules. 
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Experimental  TE  Assembly  Tests 

With  the  TE  module  baseline  tests  completed,  the  more 
important  assembly  tests  were  performed  in  order  to  establish 
the  effectiveness  and  value  of  Qjctn  testing.  The  basic 
configuration  of  the  experimental  TE  assemblies  is  illustrated 
in  Figure  4. 


Fig.  4  Assembly  Test  Configuration. 


76x102x9.5  102x102x9.5  127x102x9.5  152x102x9.5 

Plate  Size  (mm) 

Fig.  5  Effect  of  plate  size  on  Qjctn  of  TE  assemblies. 


The  modules  used  were  127  couples  with  TE  pellet  sizes: 
1.4mm  square  x  1.65mm  long.  All  TE  modules  were 
screened  for  a  common  Z  value  of  0.0026  fK.  The  heat  sinks 
were  simple  aluminum  plates  of  the  same  6061-T56  alloy. 
Except  for  the  tests  designed  to  check  variability  of  these 
parameters,  each  assembly  was  fabricated  using  thermal 
grease  as  an  interface  medium  and  a  constant  predetermined 
torque  value  of  1.0  Newton-meter.  The  mounting  surfaces 
were  machined  to  a  0.8  micrometer  finish. 

The  experimental  assembly  tests  were  conducted  with  the  unit 
sitting  on  a  piece  of  foam  insulation  with  the  other  plate 
exposed  to  open  air.  Tests  were  conducted  using  the 
following  deliberately  imposed  conditions  in  order  to  observe 
their  impact  on  Qjctn:  a)  different  size  heat  sink  sizes,  b) 
different  surface  finishes,  c)  different  interface  media  versus 
applied  compression  force,  and  d)  contaminated  interfaces. 

The  first  experiment  was  designed  to  determine  the  impact  of 
plate  size  on  Qjctn.  The  results  of  this  test  are  given  in 
Figure  5.  In  spite  of  the  significantly  different  plate  sizes 
there  was  not  much  observed  variance.  This  was  as  expected 
since  the  temperature  difference  of  module  surfaces  was  so 
small,  the  heat  sink  size  did  not  affect  TE  module  plate 
temperatures.  Following  this  test,  all  subsequent 
experimental  assemblies  used  the  smaller,  76  x  102  x  9.5  mm 
plate  size. 

The  second  TE  assembly  test  was  conducted  using  different 
surface  finishes,  but  the  same  on  both  the  hot  and  cold  sides. 
Four  sets  were  fabricated  with  surface  finishes  from  an 
extremely  smooth  0.8  micrometer  value  to  a  very  poor  12.5 
micrometer  finish.  The  results  in  Figure  6  illustrate  the  effect 
surface  finish  had  on  the  Qjctn  value. 


Surface  Finish  (micrometers) 

Fig.6  Effect  of  plate  surface  finish  on  Qjctn  of  TE 
assemblies. 
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The  interesting  thing  to  note  by  this  data  is  that  even  what 
would  be  considered  a  poor  surface  finish  be  TE  assembly 
standards  (3.2  micrometers)  still  had  relatively  minimal  effect 
on  Qjctn. 

The  conditions  examined  for  the  final  experimental  assembly 
test  were  the  different  interface  medium  between  the  TE 
module  and  the  aluminum  plate  surfaces.  Also,  it  was 
impossible  to  isolate  the  effects  of  the  interface  media  from 
the  amount  of  torque  applied  to  the  clamping  screws  used  to 
compress  the  assembly,  so  these  two  factors  were  studied 
simultaneously. 

The  different  interface  media  selected  were  based  on  some 
commonly  suggested  materials  sometimes  used  in  TE 
assemblies.  One  assembly  was  fabricated  using  a  popular 
silicone  thermal  grease  compound  manufactured  by 
Thermalloy,  Inc.  The  second  unit  was  fabricated  dry,  using 
no  interface  medium  at  all.  A  third  unit  was  fabricated  using 
a  0.26mm  thick  graphite  sheet  material  manufactured  by  Ucar 
Carbon  Co.,  Inc.  known  as  Grafoil®.  The  fourth  unit  was 
fabricated  using  a  popular  Kapton®  adhesive  tape  often  used 
in  electronic  heat  dissipation  applications  where  electric 
insulation  is  required.  This  conductive  adhesive  tape 
measured  0.127mm  thick  and  was  manufactured  by 
Chomerics,  Inc. 
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Fig.7  Effect  of  interface  medium  and  applied  torque  on 
Qjctn  of  TE  assemblies. 

The  results  of  these  tests  are  shown  in  Figure  7.  This  graph 
revealed  some  very  interesting  facts.  The  first  test,  where 
thermal  grease  was  used  as  the  interface  medium,  proved  to 
be  the  configuration  which  attained  the  highest  (best)  Qjctn 
value.  One  interesting  thing  to  note  is  the  Qjctn  value 


“leveled  off”  at  approximately  1.0  Newton-meter  of  torque. 
This  translates  to  approximately  1.4  Mpa  of  compression 
applied  to  the  module.  This  value  corresponds  to  the 
specified  value  of  compression  recommended  for  an  assembly 
of  this  nature. 

The  assembly  configuration  with  the  next  highest  Qjctn  value 
was  the  one  in  which  the  graphite  sheet  was  used  as  the 
interface  medium.  Although  the  performance  of  this  medium 
was  not  quite  as  good  as  thermal  grease,  it  could  be  argued 
that  this  configuration  may  represent  a  good  trade-off 
between  performance  and  the  benefits  of  a  quicker,  and 
perhaps  easier,  assembly  time.  However,  it  should  also  be 
noted  that  the  torque  and  subsequent  compression  forces 
applied  to  the  TE  module  are  far  beyond  recommended  levels. 

The  final  two  assemblies  using  the  Kapton®  sheet  and  no 
interface  medium  (dry)  did  not  perform  well.  These  interface 
media  are  not  recommended  for  use  in  a  TE  assembly. 

Production  Testing 

Finally  Qjctn  tests  were  performed  on  a  small  production  lot 
of  TE  assemblies  which  consisted  of  a  cold  plate,  finned  heat 
sink  and  a  single  TE  module.  The  results  of  these  tests  are 
shown  in  Figure  8.  Notice  that  Qjctn  varied  between  2.0  and 
2.3  except  for  two  assemblies.  The  initial  Qjctn  for  these  two 
cases  were  approximately  0.8  and  1.5,  respectfully,  and  were 
obviously  well  below  the  average  Qjctn  of  the  other  units  in 
this  lot. 

At  first,  the  clamping  screws  were  re-torqued  and  re-tested. 
However,  as  observed  in  the  graph,  the  respective  Qjctn  for 
both  cases  did  not  significantly  change.  Therefore,  both  units 
were  disassembled  and  their  grease  patterns  inspected.  A 
human  hair  was  discovered  in  the  thermal  grease  of  the  first 
unit  (H).  It  was  removed  and  the  unit  re-assembled  and  re¬ 
tested.  As  observed  in  the  graph,  the  Qjctn  increased  to  a 
value  consistent  with  the  acceptable  (A)  TE  assemblies. 

The  grease  patterns  of  the  second  unit  (B)  were  unusually 
thick  and  it  appeared  that  this  unit  was  not  properly 
compressed.  Upon  closer  examination  a  metal  burr  was 
discovered  in  one  of  the  tapped  holes  used  by  the  clamping 
screws.  These  holes  were  re-tapped  and  the  unit  was  re¬ 
assembled  and  re-tested.  As  observed  in  the  graph,  its  Qjctn 
value  also  increased  to  a  value  consistent  with  the  other  TE 
assemblies. 

Conclusion 

This  paper  has  illustrated  the  effectiveness  of  using  the 
transient  analysis  method  for  measuring  the  quality  of  the 
thermal  interfaces  for  a  TE  assembly.  Demonstrations  have 
been  performed  to  verify  the  sensitivity  and  repeatability  of 
this  technique.  The  main  conclusion  derived  was  that  this 
test  method  is  a  reliable  and  fast  tool  for  evaluating  the 
thermal  junction  quality  of  literally  any  thermoelectric 
assembly. 
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FigJ!  Qjctn  test  results  on  a  group  of  TE  assemblies  to  illustrate  sensitivity  of  Qjctn  to  imperfect  thermal  junctions. 
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Abstract 

The  investigation  results  for  rational  fields  of  single-  and  two- 
stage  thermoelectric  cooling  modules  use  in  the  context  of 
their  energetic  efficiency  and  economical  utility. 

Introduction 

Single-stage  modules  are  widely  used  for  numerous  variants 
production  of  domestic  refrigerators.  Compactness,  reliability 
and  ease  in  maintenance  are  the  attractive  features  of 
refrigerators.  However,  cooling  degree  in  these  refrigerators  is 
not  sufficiently  high,  so  the  further  progress  in  thermoelectric 
cooling  application  for  everyday  purposes  is  connected  with 
more  perfect  structure  design  which  would  provide  lower 
cooling  degree. 

This  problem  cannon  be  solved  by  the  use  of  single  stage 
cooling  modules.  So  it  is  natural  to  consider  the  problem  of 
going  to  two-stage  cooling  in  these  products. 


Problem  solution  and  general  discussion 

A  special  thermoelectric  module,  the  possible  compact  with 
minimum  heat  and  electrical  losses  has  been  developed  for  this 
purpose,  it  cooling  performance  corresponds  to  standard 
thermoelectric  modules  of  40x40  mm  and  is  50  W.  Parameters 
of  such  thermoelectric  module  are  given  in  Fig.l.  For 
comparison  Fig.2  gives  the  parameters  for  standard  single- 
stage  thermoelectric  module  with  cooling  performance  of 
about  50  W  produces  by  the  ALTEC  company. 

A  thermoelectric  module's  quality,  in  a  consumer's  context,  is 
determined  by  the  cost  of  a  unit  of  cooling  performance  S0 
which  is  defined  by  formula 


where  Sm  is  the  module’s  cost,  Qa  is  the  module's  cooling 
performance,  jf  is  time  of  module's  operation,  e  is  the  module's 
coefficient  of  performance,  Se  is  the  cost  of  a  unit  of  electric 
energy  power.  The  formula  shows  that  the  first  term  makes  a 
considerable  contribution  to  the  cost  S0  only  at  not  long 


AT=T„  -Tc  ,°C 


Fig.  1.  Parameters  of  two-stage  thermoelectric  module. 
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Fig.2.  Parameters  for  a  standard  single-stage  thermoelectric  module. 


periods  of  modules  operation.  As  service  life  increases,  the 
cost  is  increasingly  defined  by  the  electric  energy  costs, 
whence  it  follows  that  the  cost  of  a  thermoelectric  module  is 
of  no  significance,  its  high  reliability  and  large  values  of 
coefficient  of  performance  are  of  more  importance.  That  is 
why  when  design  a  refrigerator  with  long  service  life  the  more 
expensive  but  high-quality  modules  by  reliability  and  energetic 
efficiency  are  more  preferable. 

Clearly  that  the  S0  value  depends  on  the  module  operating 
conditions,  that  is  on  cooling  amount,  since  with  temperature 
difference  increase  both  the  value  of  cooling  performance  and 
the  value  of  coefficient  of  performance  decrease. 

We  have  studied  at  what  conditions  is  it  economically 
reasonable  to  use  a  single-stage  cooler  and  when  a  two-stage 
one.  The  computer  program  has  been  created  for  such 
analysis.  In  the  program  it  was  used  the  module  operating 
condition  under  the  maximum  coefficient  of  performance. 
Sometimes  for  an  apparent  economy  the  conditions  when 
cooling  performance  is  increased  at  the  cost  of  slight 
coefficient  of  performance  decrease  are  used  in  designing.  We 
have  also  studied  such  cases  and  come  to  the  conclusion  that 
in  the  context  of  economical  expediency  at  long  service  life 
the  preference  should  be  given  to  the  condition  of  the 
maximum  coefficient  of  performance. 

The  results  of  the  comparative  analysis  for  a  single-  and  two- 
stage  modules  are  presented  in  Fig.  3.  Temperature  differences 
are  plotted  on  the  abscissa,  and  the  specific  cost  of  a  unit  of 
cooling  performance  are  on  the  ordinate.  The  data  are  given 
for  averaged  costs  for  a  single-stage  module.  The  cost  of  a 
two-stage  module  is  thrice  as  much.  It  should  be  noted  that  the 
modules  values  of  cost  are  little  effected  on  the  obtained 
results  at  proper  large  modules  service  life.  The  energy  cost  is 


taken  as  $0.15  per  1  kW  h.  The  departure  from  this  cost  is  also 
little  effected  on  the  results  of  the  comparative  analysis. 

5,- 10  7,$ 


Fig.3.  Module's  cost  dependence  on  temperature  difference. 
Solid  line  represents  a  single  stage  module,  dash  one  -  a  two- 
stage  module. 

1  -  service  life  is  1000  hours;  2  -  service  life  is  10000  hours;  3 
-  service  life  is  100000  hours. 

It  follows  from  the  figure  that  there  is  a  definite  temperature 
difference  for  each  service  period  when  economical  expenses 
are  equal  in  the  use  of  a  single-stage  module  and  a  two-stage 
one.  This  means  that  at  more  large  temperature  differences 
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two-stage  module  are  more  preferable,  at  low  temperature 
differences  a  single-stage  is  preferable.  The  figure  shows  the 
idealized  result  when  losses  in  temperature  differences  are  not 
taken  into  account  in  the  module's  design.  Actually  these 
losses  are  rather  large.  These  are  losses  between  the 
temperature  of  radiators  and  air  which  is  used  for  heat  sink  are 
usually  of  about  10°-15°,  temperature  difference  in  the 
radiator  case  that  can  reach  3°-5°,  temperature  differences 
between  surfaces  of  the  radiator  and  thermoelectric  module 
(are  usually  l°-3°),  temperature  differences  in  a  cooler 
components  which  deliver  heat  to  the  cold  surface  of  the 
module  (about  l°-2°)  and  temperature  differences  between 
cooled  air  and  cold  radiator  that  depending  on  heat  exchange 
conditions  (natural,  forced)  may  vary  from  2°-3°  to  10°-15°. 
So  total  losses  in  temperature  differences  can  reach  20°-40°. 
Fig.  4  presents  the  study  results  of  single-stage  and  two-stage 
modules  comparison  for  different  cases  of  total  temperature 
losses  when  the  ratio  between  temperature  losses  in  cold  and 
warm  part  are  related  as  1  to  2.  The  program  permits  to  get 
results  for  any  other  cases.  From  plots  follows  that  in  the 
values  areas  higher  the  each  curve  a  two-stage  cooler  is 
preferable,  below  the  curve  there  is  the  area  when  a  single- 
stage  module  is  preferable. 

The  variants  of  thermoelectric  coolers  with  two-stage  cooling 
modules  with  operating  chambers  of  37  1,  65  1  and  100  1 
volumes  have  been  designed  leaning  on  these  results. 
Temperature  in  chambers  is  -500-15°C  at  the  ambient 
temperature  of  +30°^+35°C. 

at;  k 


Fig.  4.  Temperature  difference  dependence  on  service  life  at 
equal  modules  cost. 

1  -  temperature  losses  are  20°C;  2  -  temperature  losses  are 
30°C;  3  -  temperature  losses  are  40°C. 
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Abstract 

The  method  of  evaluation  of  cascade  thermoelectric  cooler 
transient  response  is  described.  To  check  the  theoretical 
model  experimental  research  of  a  wide  range  of  single-stage 
and  multi-stage  TE  coolers  was  carried  out.  The  fast  response 
coolers  providing  the  achievement  of  90%  of  steady-state 
temperature  difference  for  the  time  from  1.2  to  6.2  s  have 
been  developed.  The  limit  speed  of  thermal  response  for 
cascade  coolers  is  predicted. 

Introduction 

In  many  cases  speed  of  response  of  thermoelectric  coolers 
(TECs)  under  non-steady-state  condition  play  the  most 
important  role.  In  particular,  this  parameter  is  significant  in 
fast  cooling  of  quick-response  objects,  such  as  IR  detectors, 
various  sensors  and  miniature  semiconductor  lasers. 

To  develop  high  speed  response  TEC  it  is  necessary  to  study 
the  transient  process  occurring  in  the  cooler  from  switching 
on  up  to  achievement  the  steady-state  condition. 

The  problem  of  transient  process  evaluation  for  single-stage 
coolers  is  well  studied  [1].  As  to  multi-stage  coolers,  the 
satisfactory  analytical  solution  failed  to  be  obtained  up  to  now 
even  for  two  cascades. 

In  this  paper  the  method  of  transient  cooling  effect  evaluation 
for  TECs  with  arbitrary  cascade  number  is  given.  To  check 
the  theoretical  model,  experimental  research  of  dynamic 
characteristics  for  a  wide  range  single-stage  and  multi-stage 
coolers  is  carried  out. 

Theoretical  analysis 

Let  us  consider  the  transient  process  occurring  in  cascade 
TEC  (Fig.  1)  after  DC  switching  on.  We  suppose  that  the 
TEC's  base  is  maintained  at  the  temperature  of  Th  ,  at  the  top 
the  heat  load  Qc  being  supplied,  the  rest  TEC's  surface  is 
insulated  adiabatically.  At  t- 0  the  whole  system  has  the  same 


Th 

Fig.l  N-stage  TEC  scheme. 


initial  temperature  Th  .  Ceramic  plates  between  cascades  are 
supposed  to  have  sufficiently  high  heat  conductance  so  the 
one-dimensional  model  of  temperature  field  becomes 
acceptable. 

In  such  an  approach  the  problem  is  reduced  to  finding  the 
temperature  distribution  along  the  x-axis  in  each  cascade  at 
arbitrary  time,  corresponding  differential  equation  being  of 
the  form 

3Tk(xk,t)  82Tk{xk,t) 

dt  °k  8x2  Uk'  (1) 

0  <xk<lk,  k=  1 N, 

where 


= 


ElA. 

Xk  ok 


(2) 


ak>  Xk,  ok  are  averaged  (for  n-  and  p-type  TE  legs)  values  of 
thermal  diffusivity,  heat  conductivity  and  electrical 
conductivity  respectively,  ik  is  feeding  current  density,  lk  is 
TE  leg  length. 


The  system  (1)  should  be  supplemented  by  the  initial 
condition 


Tk(xk,0)  =  Th9  k=l  (3) 

as  well  as  boundary  conditions  which  include  the  condition  of 
hot  side  thermostatting 

T\  (0,0  =  Th  (4) 

conditions  of  boundary  temperatures  continuity 

Tk(lk’t)  =  Tk+\  (0-0.  k=\,...,N-\,  (5) 

and  the  heat  balance  equations  at  cascade  boundaries 

dTk(lk,t) 

Qk  fkq0k  +Fk+]qlk+]  =0,  k  = 

,  ,  <6> 

(G„  +  G,  )?MkdL  .  F„qm-Q,=  0, 

dt 

where 


Gk  -  heat  capacity  of  ceramic  plate,  linked  to  the  cold 

face  of  k- th  cascade, 

Gc  -  heat  capacity  of  the  object  to  be  cooled, 

Fk  =  Sk  nk  -  total  area  of  cascade  junctions, 

Sk  -  TE  leg  cross-section, 

nk  -  number  of  cascade  TE  legs, 

%k  =c/k(lk  -0  +  fa*  ‘ilk  =<lk( °>  0  -  l\rc>  (7) 

-  outer  heat  flows  at  cascade  junctions, 
rc  -  contact  resistance  per  unit  contact  area. 

In  relations  (7) 
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(8) 

is  the  heat  input  along  a  TE  leg,  including  heat  conductance 
and  heat  transferred  by  charge  carriers. 

It  should  be  noted,  that  for  x-axis  direction  chosen,  relation  (8) 
is  valid  both  for  n-  and  p-legs  provided  that  the  absolute 
values  of  the  Seebeck  coefficient  a  =  |a|  and  module  of 

current  density  vector  i  =  |z  |  are  used  in  this  equation. 

Idea  of  calculation  method 

It  is  impossible  to  obtain  solution  of  the  problem  in  general 
form.  In  this  connection  the  method  of  approximation  is  used. 
The  idea  of  the  method  is  to  search  dependencies  of  boundary 
temperatures  Tk(lk  ,t)  upon  a  time  in  the  form  of 
approximating  functions  containing  the  finite  number  of  free 
parameters 

Tk(lk,t)  =  gk(yk,t),  k=  (9) 

where  yk  is  a  m-dimensional  vector- 

parameter  with  non-defined  components.  The  class  of  gk(yk, 
t)  functions  must  be  chosen  beforehand  to  satisfy  the  initial 
condition 

gk(ykfi)  =  rh  do) 

and  the  condition  to  infinity 

gk(  yk,*>)  =  n  (11) 

where  Tk  =  lim(7^.(4,?))  is  the  stationary  temperature  of 

»  0O 

k- th  cascade  cold  junctions  corresponding  to  the  specified 
input  current  I  and  given  heat  load  Qc. 

Now  equations  (1)  can  be  solved  separately  for  each  cascade 
together  with  boundary  conditions  (9),  the  solution  being 
presented  in  the  form: 

TrfiiXM'O,  Tk  —fk  ’  xk >  2,...,Af  (12) 

It  is  clear  that  these  relations  do  not  satisfy  boundary 
conditions  (6)  in  a  general  case.  Therefore  it  is  reasonable  to 
choose  free  vector-parameters  yk  for  relations  (12)  to 
approach  best  of  all  to  boundary  conditions  (6)  for  specified 
period  of  time  t0.  The  problem  is  mathematically  formulated 
as  follows:  it  is  necessary  to  find  such  a  set  of  vector- 
parameters  yk  which  provides  the  least  square  discrepancy  for 
all  boundary  conditions  (6)  for  the  specified  time  period  tQ. 
Thus  we  have  the  problem  of  non-linear  programming  in  the 
form: 

N  h 
A'-l  0 

where  Rk  is  discrepancy  arising  when  substituting  in  (6) 

3T 

values  of  Th  from  (9)  and  derivatives  obtained  by 

K  dt 

differentiating  (12).  It  should  be  defined  more  precisely  that 
the  first  and  last  components  of  discrepancy  vector  in  (13) 
include  only  two  sets  of  unknown  parameters,  namely 
t )  and  RN-RN(yN_ {iyN  \  t). 


The  time  period  t0  for  approximation  can  be  chosen 
differently.  In  a  general  case  the  part  of  trajectory  on  which  it 
is  desirable  to  obtain  the  highest  accuracy  should 
be  taken  as  t0. 

Calculation  algorithm 

In  this  paper  we  used  as  approximating  functions  the  relations 
of  the  form 

gk(yk>t)  =  Th-AT^[\-exp{-ykt)]  (14) 

where  A  Tk  -  Th  -  Tk  and  vector  yk  dimension  equals  to  unit, 
i.e.  the  case  of  simple  variable  is  considered.  It  is  easy  to  see, 
that  relations  (14)  satisfy  conditions  (10)  and  (11). 

Approximations  of  form  (14)  were  used  to  calculate 
responsibility  of  a  great  number  of  coolers  with  various 
cascade  numbers  as  well  as  to  predict  cooler’s  limit 
responsibility. 

To  calculate  stationary  temperatures  Tk  taking  into  account 
temperature  dependence  of  TE  materials  properties,  we  used 
the  method  of  successive  approaches  described  in  Appendix 
1.  Analytical  solution  of  equations  (1)  with  boundary 
conditions  (14)  are  represented  in  Appendix  2.  The  relations 
given  were  used  to  calculate  functional  (13).  The  solution  of 
the  problem  concerning  this  functional  minimum  was  carried 
out  by  the  non-linear  programming  method  [2]. 

Calculations  and  experimental  details 

The  above  method  was  used  to  predict  dynamic  characteristics 
of  cascade  TECs  of  different  configuration.  We  studied  the 
influence  of  such  parameters  as  cascade  number,  TE  leg 
length,  ceramic  plates  thickness,  heat  capacity  of  the  object  to 
be  cooled.  The  maximum  steady-state  temperature  difference 
A rmax  =  max  AT$(/)  was  pre  calculated  for  each  cooler  and 

parameters  of  TE  materials  ak  ,  ok ,  Xk  related  to  average 
cascade  temperatures  Tmk=(TkA+T^I2  were  defined.  Tyoical 
temperature  dependencies  of  TE  properties  for  single  crystals 
of  Bismuth  and  Antimony  Chalchogenides  [3]  were  used  as 
the  basic  data.  The  resulting  set  of  TE  parameters  was  further 
used  in  calculations  of  the  TEC  dynamic  characteristics.  TE 
materials  density  and  specific  heat  values  of  6.85  g/cm3  and 
0.158  J/(gK)  respectively  were  taken  and  considered  the  same 
for  all  cascades.  For  ceramic  based  on  A1203  the  linear 
dependence  of  specific  heat  on  temperature 
pC/?=3+0.01(291-7)  was  accepted.  The  p Cp  value  was 
calculated  at  average  cooler  temperature  Tm=Th-ATmjiX/2  and 
was  accepted  the  same  for  all  cascades. 

As  a  first  step  in  checking  the  approximation  method 
reliability  the  dynamic  characteristics  of  single  stage  cooler 
for  which  the  accurate  solution  is  well  known  [1]  were 
calculated.  Comparison  of  our  results  with  those  of  the  exact 
theory  shows  their  complete  agreement.  As  to  cascade 
coolers,  only  experimental  checking  can  answer  the  question 
of  the  approximation  method  applicability.  With  this  aim  a 
great  number  of  MC  coolers  (Table  1)  was  tested.  The  Armax 
under  steady-state  condition  and  corresponding  feeding 
current  /max  were  preliminary  measured  for  each  cooler.  Then 
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the  cooler  was  switched  off  On  achieving  equilibrium  with 
heat  sink  the  current  /max  was  switched  on  again. 
Measurement  and  the  recording  of  cold  face  time-temperature 
dependence  were  carried  out  by  means  of  a  copper-constantan 

Table  1.  Configuration  of  experimental  samples  and  test  results 


1MC06-018-/  6x8  6x6  0.5 


Results  and  discussion 

Calculation  and  experimental  results  are  given  in  Table  1  and 
in  Fig.  2-6. 

Time  temperature  dependence: 

As  an  example,  experimental  time  dependencies  of  cold  side 
temperature  for  a  number  of  four-cascade  MC  coolers  are 
given  in  Fig.  2  (solid  lines).  Corresponding  calculated 
dependencies  are  given  for  the  comparison  (dashed  lines).  It  is 
seen  that  the  approximation  method  provides  sufficiently 
good  agreement  between  the  calculated  and  experimental 
data. 

Similar  calculations  and  measurements  were  carried  out  for  all 
MC  coolers.  The  results  of  these  measurements  treated  in  the 
form  of  AT(t)IATmax  time  dependence  are  given  in  Fig.  3 .It  is 
seen  that  for  all  types  of  coolers  the  rate  of  temperature 
difference  rise  increases  with  TE  leg  length  reduction. 


thermocouple  30  pm  in  diameter  and  XY-Recorder  ENDIM 
62201.  All  the  measurements  were  made  in  vacuum 
of  5T0'5  Torr  at  heat  sink  temperature  ofT=303  K. 
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k 

303K  Heat  sink 
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a  \  \\  Vv  Calculation 
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V  1mm 
0. 5  mm"--. 


Time  (s) 


Measurement 


Tc  min=-94°C 


Fig.2  Recorded  (solid  lines)  and  calculated  (dashed  lines)  cold 
side  temperature  versus  time  for  4-stage  TECs  of  MC  series. 
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Time  (s) 


Fig.3  Dynamic  characteristics  of  MC  series  TECs  (measured). 


Responsibility  characterization: 

It  is  reasonable  to  accept  the  time  of  achieving  the  specified 
value  of  the  relation  AT(t)IATmax  as  TEC's  fast  responsibility 
characteristic.  Table  1  gives  time  values  necessary  to  achieve 
AT  of  50,  90  and  95%  of  AJmax.  To  create  a  unified  approach 
for  the  comparison  of  various  coolers  on  responsibility  factor 
we  shall  accept  time  of  achieving  A7M).9AFmax  as  this  factor 
and  call  it  briefly  reference  or  specific  cool-down  time  ts . 

Influence  of  TE  leg  length: 

It  is  seen  from  Table  1  that  specific  cool-down  time  decreases 
approximately  proportionally  to  the  reduction  of  TE  leg 
length.  So  the  /  reduction  from  1.5  to  0.5  mm  leads  to  the 
triple  decrease  of  ts  for  all  kinds  of  MC  coolers.  Single  stage 
TEC  of  MS  series  with  /  of  0.2  mm  shows  ts  of  only  1.2  s,  this 
result  being  near  the  limit  one. 

Fig.  4  gives  the  comparison  of  calculated  (solid  lines)  and 
measured  (dots)  ts  values  for  MC  coolers  having  various 
numbers  of  cascades  with  different  TE  leg  length.  One  can  see 
that  there  is  a  good  agreement  for  all  coolers  of  the  series. 


Fig.4  Specific  cool-down  time  versus  TE  leg  length: 
comparison  of  the  experimental  data  (dots)  and  computer 
solution  (solid  lines). 

Dependence  on  ceramic  thickness: 

The  ceramic  thickness  8C  is  another  factor  influencing 
considerably  the  TEC's  quick-responsibility.  The  time  of 
achieving  the  specified  temperature  difference  increases  with 
5C  increase,  the  dependence  being  close  to  the  linear  one  for 
all  coolers  studied  (Fig.  5). 

TE  cooler  with  0.25mm  thick  ceramics  (Table  1)  shows  ts  of 
only  1  s.  This  is  the  fastest  TEC  ever  produced  of  bulk 
material. 
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0.1  0.3  0.5  0.7  0.9  1.1  0  0.5  1  .0  1.5  2.0  2.5  3.0 

Ceramic  thickness  (mm)  Thickness  of  copper  layer  at  cold  face  (mm) 


Fig. 5  Specific  cool-down  time  versus  ceramic  thickness:  Fig. 6  Dependence  of  specific  cool-down  time  on  attached 
calculation  (solid  lines)  and  experimental  data  (dots).  mass  heat  capacity  (calculation). 


Potential  for  further  improvement 


We  see  that  the  reduction  of  /  and  8C  is  the  key  for  increasing 
of  TEC’s  speed  of  response.  It  is  of  great  interest  to  estimate 
the  possibilities  for  further  progress  in  this  direction.  We 
consider  achieved  /  value  of  0.2  mm  as  the  technologically 
and  thermodynamically  justified  lower  limit  of  TE  leg  length. 
As  to  ceramic  plates,  their  thickness  can  be  reduced 
significally.  The  lower  limit  of  0.1mm  can  be  accepted,  the 
strength  condition  being  taken  into  account.  To  provide 
effective  heat  spread  in  cascade  coolers  with  such  ceramics 
the  high  conductive  materials  such  as  beryllium  oxide  can  be 
used. 


Table  2  gives  corresponding  calculated  data  which  define  the 
upper  limit  of  TECs  response.  It  is  seen  that  cascade  coolers 
with  ts  value  significantly  less  that  1  s  can  be  realized. 

Table  2.  Upper  limit  of  fast  thermal  response  for  TE  coolers 
(/=0.2mm,  5c=0.1mm) 


No.  of  stages 

i 

2 

3 

4 

Time  to  achieve  A7M).9Armax  (s) 

0.15 

0.26 

0.36 

0.51 

Influence  of  attached  heat  capacit 


Up  to  now  we  considered  only  TEC  own  responsibility.  It  is 
natural,  to  ask  -  in  what  degree  heat  capacity  of  the  object 
attached  to  a  cooler  influences  the  rate  of  cooling.  To  have  an 
idea  about  it  the  model  of  a  cascade  cooler  with  an  attached 
copper  layer  was  considered  (Fig.  6).  It  is  seen  that  even 
relatively  small  attached  heat  capacity  considerably  reduces 
TEC’s  responsibility,  the  increase  of  specific  cool-down  time 
being  close  to  linear  for  all  coolers  under  study. 


Conclusion 

The  suggested  method  of  boundary  conditions  approximation 
provides  rather  high  accuracy  of  evaluation  cascade  coolers 
dynamic  characteristics. 

Reduction  of  TE  leg  length  is  the  fundamental  means  of  TEC 
responsibility  increasing.  TE  coolers  of  MC  series  with  TE  leg 
length  of  0.5  mm  having  from  1  to  4  cascades  provide 
achieving  AT=0.9Armax  for  the  time  from  1.9  to  6.2  s. 

The  reduction  of  ceramic  thickness  and  heat  capacity  of  the 
object  to  be  cooled  is  another  factor  of  increasing  TECs 
responsibility.  Using  these  means,  the  coolers  with  specific 
cool-down  time  of  only  1  s  are  fabricated.  These  are  fastest 
coolers  ever  produced  of  bulk  material. 

Practically  achievable  lower  limit  of  specific  cool-down  time 
for  cascade  TECs  is  from  0. 15  to  0.5  s. 

Appendix  1 

For  steady-state  condition 

Tk{xk,t)-+TjS(xk) 

boundary  problem  (l)-(8)  reduces  to  the  linear  system  of  the 
form: 

a\kTk-\~a2kTk  +  a3k^k+\  +  4  =0,  k  =  l9...9N9 
coefficients  being  as  follows: 

a\\  ~a3N 

ci^k  9  k  2,..., W, 

a2k  -akI  +  ^k~^k  (ak+\I  “  Hk+l  )>  *=1 

&3k  ~  fik^k+l’  ^  —  1 ,...,  A, 
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bl  =  l-i2{Rl+vlR2)+HlTh, 

bk  =  X-I2{Rk+VkRk+{),  k  =  2,...,N-\, 

bN  =  XfRN  +  &, 

2  nN 

where  Tk  =  Tk(lk )  are  the  boundary  temperatures, 


Hk  = 


Rk  = 


4 


-  +  2 -r 


C? 


Pa 


Ic  =  L 


°kBk 

,N- 1,  p*=0. 


4 

gfef i 

**  ’ 

For  specified  , 
fold  driving  method.  To  solve  the  system  with  temperature 
dependent  kinetic  coefficients  the  iteration  process  with 
successive  redetermination  of  boundary  temperatures  and  TE 


ok ,  Xk  the  system  can  be  solved  by  one- 


properties  is  used. 
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Appendix  2 

The  solution  of  equation  (1)  with  boundary  conditions  (14)  is 
found  by  the  Green’s  function  method  as  follows: 


4? (y k-i^y k’xk^) “ -  k  M*a  4)_ 

L(xk 

_4^|.5in^Aexp( 

aklk  n= 1  B\n 


2ATklk 

Ik 


4  L  xk  sin/*4 

V  sin  Bnxk 

Bn{Ank-  yk) 


exp  (~Ankt)  + 


4 


,+  MMt(/t-*t)eXp(_yt.|() 


2&Tk_{y  k 


k-l 


sin  ^4 

sin^x^ 


4  n?\Bn(Ank  “YA-i) 

k  -  1,...,A, 


exp  (~A„kt), 


where 


Ank  Bn ^k  »  A\nk  B\rflk  ’ 

Yo=0,  3?  =  2i,  A7^  =  0. 
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OPTIMIZATION  OF  A  MULTISTAGE  THERMOELECTRIC  COOLING  SYSTEM 

CONCERNING  MAXIMUM  C.O.P. 


T.Wartanowicz.  A.Czarnecki 

Heat  Engineering  Institute.  Warsaw  University  of  Technology 
Nowowicjska  25.  00-665  Warsaw,  Poland 


Abstract 

In  (he  process  of  designing  multistage  thermoelectric  cooling 
systems  accuracy  of  computations  is  very  important.  For  this 
purpose  a  useful  algorithm  of  optimization  was  elaborated 
where  thermoelectric  parameters  of  semiconductors  have  been 
concerning  as  temperature  dependent.  The  presented  method 
allows  to  find  out  the  optimal  solution  for  systems  achieving 
maximum  C.O.P. 


Introduction 

During  designing  process  of  a  multi-stage  cooling  system  it  is 
particularly  important  to  consider  the  respective  criterion  of 
their  working  conditions.  Among  the  many  known  criteria 
three  are  the  most  common: 

-  maximum  cooling  capacity  at  given  temperatures  of  the  cold 
and  hot  sides  of  the  cascade. 

-  minimum  temperature  of  the  cold  side  of  the  cascade  at  the 
given  temperature  of  the  hot  side  and  the  cooling  capacity. 

-  maximum  C.O.P.  at  a  definite  cooling  capacity  and 
temperatures  of  the  cold  and  hot  sides  of  the  cascade. 

The  paper  presents  the  third  criterion  where  ihermoeleclic 
material  properties  are  considered  as  temperature  dependent. 


Physical  model 

The  scheme  of  enumeration  of  the  cascade  system  consisting 
of  N  stages  has  been  presented  in  Fig.  1. 

The  next  fig. 2  shows  the  method  of  indexing  the  heat  fluxes 
flow  between  i  and  /+  1  stages. 

The  conditon  of  heat  balance  between  bordering  stages  has  to 
be  fulfilled: 

- /)(/  +  I )  -  ~ci  (1) 

The  heat  output  of  the  hot  side  of  the  upper  stage  i+I  must  be 
at  most  equal  or  smaller  than  the  heat  absorbed  by  the  cold 
side  of  the  lower  stage  i.  For  the  uppermost  stage  Ar  the 
absorbed  heat  constitutes  the  cooling  capacity  Oc  of  the 
cascade. 


Fig.  1. Numeration  of  stages  and  interstage  temperatures 


pm  “ >  0  i 


©  <—  Pi., 


stage  (i- 1) 


p,  ->0i 


©<-  /? 


stage  i 


ft 


Fig.2.  Scheme  of  heat  flux  flow  between  stages 


Optimization  of  the  cascade  system  according  to  the  condition 
of  achieving  maximum  C.O.P.  can  be  performed  by  the 
method  of  minimizing  the  value  of  the  following  function: 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


307 


15th  International  Conference  on  Thermoeiectrics  (1996) 


//  =  1+ - 

C.O.P. 


where: 


//,  =  !  + 


C.O.P,=Qc(h  „•  i‘1.2 . -v 


A/  r  ,  -r 


The  A  /,  parameter  vs  temperature  can  be  described  bv  the 
power  function; 

(5) 

i;.(r1+j;.,)/2  (6) 

The  solution  for  maximum  p  leads  to  the  following  form  of 
dependence  between  the  interstage  temperatures  [  1  ]: 

(A/f  - 1)?;..,  - bM,{T,  - Tf.,)  (mU  -  1  yM  +  b.\/i , , (’/',+]  - r,) 

(«/,.,  - 7’)(A/,7’  - "  (a/,,,?;  - 7;+l)(A/,, ,7;. ,  - r,) 


where: 

a/(  =  Vi + o.52,  (y;  +  /;.,)  (8) 

M+i  =■/*  +  0.5Z,-+1  (7;+i  +7;)  ^ 

In  case  when  the  assumption  that  in  the  considered 
temperature  range  the  parameters  as  electrical  resistivity  p, 
thermoelectric  power  .S’,  thermal  conductivity  k  and  the 
parameter  M  arc  constant  is  valid  then  the  optimal  solution 
for  interstage  temperatures  can  be  reduced  to  the  following 
recurrent  formula  [  1  ]: 

r.  =  Jy;.//;  , 


T;=tSTK/ 


stage  (i+ 1) 


1  -  cold  side  of  stage  i 

2  -  interstage  connection 

3  -  hot  side  of  stage  (i+1) 


Fig.3.  Interstage  connections 


Algorithm  of  computations 

The  problem  of  optimization  can  be  expressed  as  follows: 

For  given  input  data:  cooling  capacity  Oc,  temperatures  of  the 
hot  side  Th  and  the  cold  side  Tc  of  the  cascade,  electric 
conductivity  p(T),  thermoelectric  power  S(T)}  thermal 
conductivity  k(T).  heat  transfer  coefficient  of  the  interstage 
separators  kT,  there  should  be  indicated  maximum  C.O.P.  at 
the  following  limitations: 

0  <  I  <lmax,  0  <n  <n  max 

The  parameters  p(T),  $(T),  k(T)  have  been  taken  as 
temperature  dependent  and  in  view  of  their  regular  character 
vs  temperature  the  approximation  has  been  carried  out  by 
polynomial  functions: 

y(r)  =  p,  +p2r+p3r2  (13) 

The  above  equation  has  been  transformed  to  the  standard 


M/r  =  % 

A/  V  /7 0J  (12) 

When  the  interstage  thermal  resistance  has  been  taken  into 
consideration  the  temperature  drop  on  the  interstage 
connections  occurs.  As  a  result  the  interstage  temperatures 
means  the  average  values  of  the  interstage  connections. 
Usually  the  heat  transfer  coefficient  of  such  connections  is  in 
the  range  from  0.5  to  2.5  [W/cnrKj. 

The  interstage  connection  has  been  presented  schematically 
in  fig.  3. 

The  input  data  for  optimization  comprise  the  values  of 
cooling  capacity  Qc .  temperature  of  hot  side  Th  (temperature 
of  heat  sink),  temperature  of  cold  side  Tc  (temperature  of 
cooled  object).  It  can  be  also  assumed  the  restrictions  on 
supplying  current  /  and  number  of  thermoelements  in 
particular  stages.  So  the  problem  of  finding  maximum  C.O.P. 
can  be  reduced  to  finding  minimum  value  of  electric  power 
pumped  to  the  cascade. 


v  =  y(x,a) 

in  the  shape  required  for  the  least  square  method: 


z2(rt)=X 


■V,  -y(Xj,a) 


Finally  the  following  formula  is  used  for  determining  the 
constant  values  of  the  equation  (13): 

,,  +7,27’+/A2)l 

x~(p\*P2,Pi)=2* — - -  =min 


where: 


308 


15th  International  Conference  on  Thermoelectrics  (1996) 


where:  n  -  number  of  measurements, 
y>i  -  value  of  i-th  measurement. 

Typical  characteristics  of  thermoelectric  materials  based  on 
bismuth  telluride  alloys  or  measurements  data  of  properties  of 
such  materials  have  been  applied  for  determining  the 
constant  values  of  coefficients  in  the  equation  (15). 


-  the  cold  side  temperature  of  the  cascade  Tc  =200K, 

-  maximum  supplying  current  I  =  4A, 

-  maximum  number  of  thermoelements  in  the  coldest  stage 
/7a/=10, 

-  cooling  capacity'  0  c  =  0.05 W. 


The  equation  (5)  can  be  solved  in  the  following  manner: 
twice  Iogarithmization  of  (5)  gives  in  result 
In^/(ln7’)  =  61n7,  +  lnn 


}’  =  AX  +  B 


(18) 


(19) 

where:  A  =  b,  B  =  In  a. 

It  is  a  classical  linear  regression  problem  which  has  been 
solved  bv  the  least  square  method. 


A  proposal  of  solving  the  eq.(7)  is  worthy  of  notice.  It  has 
been  obtained  by  implementation  of  secant  method  due  to  its 
very  good  convergence  but  under  condition  of  proper  choice 
of  the  starting  range. 

The  task  is  as  follows: 


find  the  solution  of  the  equation 

r0  =/(?*-,) 


(20)  ' 


where  for  given  To  and  7\  the  function /is  defined  by  the 
recurrent  non-linear  formula: 


The  upper  limit  can  be  evaluated  from  eq.  (11)  but  still  there 
is  a  problem  of  the  lower  limit.  To  avoid  any  difficulties  with 
the  possible  singularity  it  can  be  arbitral!)'  assumed  the  value 
of  maximal  jjn  .  Then  from  eq.(4)  for  i -  X  using  a  discrct 
variant  of  the  Newton  method  it  has  been  possible  to  obtain 
the  lower  limit  TN.}  (mnih 

The  following  steps  of  the  optimization  algorithm  have  been 
performed: 

1.  Find  constant  coefficients  to  approximate  the 
thermoelectric  material  properties. 

2.  Solve  the  equation  (7)  to  obtain  temperature  distribution 
across  the  cascade. 


3.  Calculate  values  of  //,  from  the  equation  (4). 

4.  Find  optimal  values  C.O.P. ,  for  particular  stages. 

5.  Find  values  of  //  and  C.O.P.  for  the  cascade. 

Case  study 

The  computations  have  been  carried  out  for  the  following 
data: 

-  thermoelectric  material  type:  typical  bismuth  telluride 
alloys, 

-  the  hot  side  temperature  of  the  cascade  7),  =30()K. 


The  results  of  computations  have  been  presented  in  tables  1 
and  2.  One-  and  two-stage  systems  have  not  been  shown  in 
the  tables  because  they  do  not  achieve  the  required 
temperature  difference. 


Table  I 


i 

p 

C.O.P. 

A 

C.O.P., 

ATfKJ 

TifKJ 

3 

41.17 

0.0249 

2.829 

0.547 

37.93 

300.00 

2 

3.360 

0.424 

33.13 

262.07 

i 

4.331 

0.300 

28.94 

228.94 

0 

200.00 

4 

33.58 

0.0307 

2.094 

0.914 

28.92 

300.00 

3 

2.264 

0.791 

26.13 

271.08 

2 

2.497 

0.668 

23.61 

244.95 

1 

2.837 

0.544 

21.34 

221.34 

0 

200.00 

5 

30.99 

0.0334 

1.780 

1.281 

23.37 

300.00 

4 

1.863 

1.159 

21.55 

276.63 

3 

1.965 

1.036 

19.87 

255.08 

2 

2.096 

0.913 

18.32 

235.22 

1 

2.267 

0.789 

16.89 

216.89 

0 

200.00 

6 

29.73 

0.0348 

1.606 

1.649 

19.60 

300.00 

5 

1.655 

1.527 

18.32 

280.40 

4 

1.712 

1.404 

17.13 

262.07 

3 

1.781 

1.281 

16.01 

244.95 

2 

1.864 

1.157 

14.96 

228.94 

1 

1.967 

1.034 

13.98 

213.98 

0 

200.00 

7 

29.03 

0.0357 

1.496 

2.017 

16.88 

300.00 

6 

1.528 

1.894 

15.93 

283.12 

5 

1.564 

1.772 

15.04 

267.18 

4 

1.607 

1.649 

14.19 

252.15 

3 

1.656 

1.526 

13.39 

237.96 

2 

1.713 

1.402 

12.64 

224.56 

1 

1.782 

1.279 

11.93 

211.93 

0 

200.00 

8 

28.60 

0.0362 

1.419 

2.385 

14.83 

300.00 

7 

1.442 

2.262 

14.09 

285.17 

6 

1.467 

2.140 

13.40 

271.08 

5 

1.496 

2.017 

12.73 

257.68 

4 

1.528 

1.894 

12.11 

244.95 

o 

0 

1.565 

1.770 

11.51 

232.84 

2 

1.607 

1.647 

10.94 

221.34 

1 

1.656 

1.523 

10.40 

210.40 

0 

200.00 
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Tabic 

1  (cont.) 

9 

28.31 

0.0366 

1.363 

2.753 

13.22 

300.00 

8 

1.380 

2.630 

12.63 

286.78 

7 

1.399 

2.508 

12.08 

274.15 

6 

1.419 

2.385 

11.54 

262.07 

5 

1.442 

2.262 

11.04 

250.53 

4 

1.468 

2.139 

10.55 

239.49 

3 

1.496 

2.015 

10.09 

228.94 

2 

1.529 

1.892 

9.64 

218.86 

1 

1 .566 

1.768 

9.22 

209.22 

0 

200.00 

10 

28.10 

0.0369 

1.320 

3.121 

11.92 

300.00 

9 

1.334 

2.998 

11.45 

288.08 

8 

1.348 

2.876 

10.99 

276.63 

7 

1.363 

2.753 

10.56 

265.64 

6 

1.380 

2.630 

10.14 

255.08 

5 

1.399 

2.507 

9.73 

244.95 

4 

1.420 

2.384 

9.35 

235.22 

.3 

1.442 

2.260 

8.98 

225.87 

2 

1.468 

2.137 

8.62 

216.89 

1 

1.497 

2.013 

8.28 

208.28 

0 

200.00 

Tabic  2 


i 

co’p' . 

. cap/ . 

J 

0.0249 

0.0190 

4 

0.0307 

0.0246 

5 

0.0334 

0.0272 

6 

0.0348 

0.0286 

7 

. o'0357 . : 

0.0294 

. 8 . 

0.0362 

0.0300 

9 

0.0366 

0.0304 

io . 

0.0369 

0.0306 

Comparison  of  ihe  coefficient  of  performance  for  eases  with 
negligence  of  the  interstage  connections  and  when  those 
connections  are  considered  leads  to  conclusion  that  influence 
of  the  interstage  connections  significantly  reduces  the  value 
of  C  O  P.  of  the  system.  In  the  table  2  the  first  column 
corresponds  to  the  maximum  C.O.P.  for  systems  where  the 
interstage  temperature  drop  can  be  neglected  while  the  second 
column  represents  maximum  C.O.P/  with  A'y=2(W/cnrK]  for 
interstage  connections. 

As  a  continuation  of  the  computations  from  the  tables  1  and  2 
there  can  be  obtained  values  for  the  number  of 
thermoelements  in  the  cascade  and  electric  supplying 
parameters  /  and  V.  Table  3  presents  the  results  of 
comparative  computations  for  the  5-stage  cascade  with 
assumed  different  number  of  elements  in  the  coldest  stage 


from  1  to  10.  The  first  column  of  the  table  shows  the  number 
of  thermoelements  in  the  stage  N,  the  second  column 
determines  the  total  number  of  thermoelements  in  the 
cascade,  and  columns  3  and  4  give  the  values  of  the  supplying 
current  and  voltage  to  the  cascade.  Analysing  the  results  it 
can  be  noticed  that  when  the  number  of  thermoelements  in 
the  stage  N  increases  the  total  number  of  thermoelements  and 
the  voltage  of  the  cascade  increase  while  the  supplying 
current  decreases. 


Table  3 


Hi 

n 

1[A] 

VfVJ 

3 

73 

0.712 

2.583 

4 

96 

0.534 

3.444 

5 

121 

0.427 

4.305 

6 

144 

0.356 

5.165 

7 

169 

0.305 

6.026 

8 

193 

0.267 

6.887 

9 

218 

0.237 

7.748 

10 

240 

0.214 

8.609 

Summary 

On  the  basis  of  the  classic  assumptions  concerning  conditions 
of  thermoelectric  energy,  conversion  in  a  multi-stage  cooling 
system  the  algorithm  of  its  optimization  with  C.O.P.  as  a 
merit  function  has  been  evaluated.  Numerical  realization  of 
the  above  algorithm  in  shape  of  a  useful  computer  program 
makes  it  possible  in  easy  and  convenient  way  to  look  for 
solution  of  the  cascade  systems  with  required  features  and  has 
become  a  helpful  tool  providing  the  designer  of  such  systems 
with  the  possibility  of  optimal  choice.  The  results  of 
computations  have  confirmed  the  known  rule  of  decreasing 
influence  of  the  interstage  connections  for  maximum  C.O.P. 
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Abstract 

Maximizing  the  rate  of  heat  removal  from  the  hot 
side  of  thermoelectric  cooling  modules  is  necessary 
to  obtain  optimum  performance  for  any 
thermoelectric  cooling  device.  The  thickness,  shape, 
height  of  fins  and  number  of  fins  per  inch  are  all 
important  variables  in  a  finned  heat  sink  design. 
The  area  and  thickness  of  the  heat  sink  base  plate 
relative  to  the  area  of  the  thermoelectric  module  is 
also  important.  This  paper  provides  a  means  to 
calculate  the  effectiveness  of  these  variables  as  they 
affect  heat  dissipation  from  the  hot  side  of  a 
thermoelectric  module  operated  in  the  cooling 
mode.  Although  the  focus  is  on  cooling  devices,  the 
results  of  this  model  should  be  equally  useful  in 
evaluating  power-generating  devices. 

Introduction 

Effective  heat  removal  from  the  hot  side  of  a 
thermoelectric  cooling  module  is  extremely 
important  for  any  thermoelectric  cooling  device.  In 
the  case  where  the  heat  transfer  media  is  air,  the 
design  and  manufacture  of  the  air  heat  sink  become 
significant.  There  are  several  types  of  air  heat  sinks, 
including  aluminum  extruded  heat  sinks,  aluminum 
fold  fin  brazed  heat  sinks,  epoxy-bound  heat  sinks, 
etc.  Although  the  aluminum  extruded  heat  sink  is 
the  least  effective,  the  heat  removing  capabilities  of 
the  other  types  are  quite  comparable. 

In  general,  all  air  heat  sinks  used  for  thermoelectric 
devices  are  finned.  Many  geometric  factors 
influence  air  heat  sink  performance.  Among  these 
factors,  the  thickness,  shape,  height,  and  number  of 
fins  per  inch  are  important  variables.  In  addition  to 
the  above  mentioned  factors,  thermoelectric 
modules  have  their  own  particular  features.  The 
surface  area  of  a  thermoelectric  module  is  only 
approximately  20%  that  of  an  air  heat  sink  base 


plate.  That  means  that  the  air  heat  sink  is  much 
larger  than  the  module.  As  a  result,  those  fins 
located  on  the  edge  of  the  base  plate  are  not 
efficient.  They  become  so-called  "finned  fins." 

Since  there  is  no  simple  analytical  solution  for 
general  finned  heat  sink  problems,  numerical 
methods  are  usually  applied.  In  this  paper  a 
simplified  method  is  presented  to  facilitate 
numerical  calculations  involving  finned  heat  sinks. 
The  basic  idea  is  to  convert  a  Tinned  heat  sink  into 
a  flat  plate.  In  addition,  a  new  concept,  "heat  sink 
effectiveness,  tj“,  similar  to  fin  effectiveness,  has 
been  introduced. 

Background 

The  most  popular  numerical  solutions  for  heat 
conduction  problems  employ  finite  difference  or 
finite  element  methods.  In  both  cases  geometric 
discretization  is  always  involved.  Conversion  of  the 
finned  heat  sink  into  a  flat  plate  dramatically 
simplifies  the  numerical  methods 


Figure  la.  Finned  air  heat  sink. 
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For  a  finned  air  heat  sink  (see  Fig.  la),  the  total  transfer  coefficient,  h,,  for  a  flat  plate  is  given  by 

heat  flow  rate  is  given  by  the  equation  below:  the  expression: 


Qi=h  (A^tj  +Amf)  A Tlog 


1  7V  _L  A 


^b+^unf 


n= 


tanhn 

n 


where 

h 

convective  heat  transfer 
coefficient  for  finned 
surfaces 

K 

thermoconductivity  of  the  air 
heat  sink  material 

Af 

fin  surface  area 

Aunf 

unfinned  base  surface  area 

Ab 

fin  base  surface  area 

Ta 

ambient  temperature 

ATlog 

mean  logarithm  temperature 
difference 

V 

fin  effectiveness  for  straight 
rectangular  fin 

The  finned 

air  heat 

sink  can  be  modified  and 

converted  into  a  flat  plate  surface  (see  Fig.  lb)  if 
one  equalizes  the  heat  flow  rate  for  both  cases. 

Then  the 

modified 

convective  heat  transfer 

coefficient  can  be  derived. 

L _ 

h  1 

To 

\ 

Figure  lb.  Finned  air  sink  after  conversion  to  a  flat  plate 
surface. 

The  total  heat  flow  rate  of  the  modified  flat  plate 
can  be  expressed  as 


Conversion  of  the  finned  surface  into  a  flat  plate 
makes  numerical  methods  much  easier  and  simpler. 
A  finite  difference  method  based  on  the  above 
geometric  conversion  has  been  used  for  the 
following  calculations. 

Influence  of  geometric  dimensions  on  air  heat 
sink  performance 

As  mentioned  before,  the  fin  thickness,  height,  and 
shape,  and  the  number  of  fins  per  inch,  have  a 
significant  influence  on  the  performance  of  the  air 
heat  sink.  In  the  case  of  thermoelectric  cooling,  the 
average  temperature  on  the  hot  side  of  the 
thermoelectric  module  Tb  will  depend  on  the 
performance  of  the  air  heat  sink.  The  better  the 
performance  of  the  heat  sink,  the  lower  the  hot  side 
temperature  TjJ . 


Q2  h1  A  Tlog 

Since  Q,  =  Q2  ,  the  modified  convective  heat 


Figure  2.  Thermoelectric  cooling  module  mounted  on  a 
typical  air  heat  sink. 

In  Figure  2,  a  typical  air  heat  sink  with  a 
thermoelectric  cooling  module  on  top  is  displayed. 
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For  different  convective  heat  transfer  coefficients 
(h),  fin  heights  (F),  number  of  fins  per  inch  (n),  and 
widths  of  air  heat  sink  (W),  the  average 
temperatures  at  the  hot  side  of  the  thermoelectric 
module  TjJ  have  been  calculated. 

The  typical  finite  difference  equation  for  the 
simplified  flat  plate  is  as  follows: 


Tj  , ,)  k*Z±1 
1,0,1  Ax 

+  (Ti,j*  1,1 

+  i(1 

+  4 

-  AxAy=0 

m2 


The  results  Tj|  are  listed  in  Tables  1  and  2.  The  air 
heat  sink  effectiveness  ij.is  also  calculated  and  given 
in  Tables  1  and  2. 

The  heat  sink  effectiveness  (77 J  is  defined  as  the 
ratio  of  temperature  differences, 


where  T“  is  the  average  temperature  of  the  finned 
air  heat  sink,  TJ  is  the  average  temperature  of  the 
hot  side  of  a  thermoelectric  module,  and  Ta  is  the 
ambient  temperature. 

From  Tables  1  and  2  it  can  be  seen  that  when  the 
fin  height  was  increased  from  F  =  25  mm  to  F  =  50 
mm,  the  fin  effectiveness  decreased  from  jj  =  0.93 
to  0.78,  but  the  average  temperature  at  the  hot  side 
decreased  from  Tj|  =  40.2  °C  to  T£  =  35.04  °C,  that 
is,  by  5.16  °C.  This  means  that  the  performance  of 
the  heat  sink  was  considerably  improved.  On  the 
other  hand,  the  fin  height  cannot  be  increased 
infinitely.  As  a  rule  of  thumb,  the  fin  effectiveness 
t]  should  be  maintained  at  a  value  around  0.8. 


The  number  of  fins  per  inch  is  another  important 
criterion  for  the  air  heat  sink.  In  general,  more  fins 
per  inch  means  more  heat  transfer  area  and  better 
performance,  but  increasing  the  number  of  fins  also 
restricts  air  flow  through  the  heat  sink  and  makes 
manufacture  of  the  heat  sink  difficult.  As  can  be 
seen  from  Tables  1  and  2,  for  W  =  75  mm  and  F  = 
50  mm,  when  the  number  of  fins  per  inch  is 
decreased  from  n  =  10  to  n  =  6.4,  the  average 
temperature  T£of  the  hot  side  of  the  thermoelectric 
module  increases  from  35.04  °C  to  38.54  °C.  The 
number  of  fins  per  inch  for  different  types  of  air 
heat  sinks  can  vary  from  8  to  14. 

In  order  to  maximize  the  rate  of  heat  removal  from 
the  hot  side  of  a  thermoelectric  module,  a  large 
heat  sink  is  usually  used.  As  mentioned  above,  the 
thermoelectric  modules  occupy  only  about  20%  of 
the  heat  sink  base  plate.  When  an  extruded  air 
heat  sink  is  used  the  number  of  fins  per  inch  is 
small,  consequently  the  heat  transfer  area  is  also 
small.  If  the  extruded  air  heat  sink  is  further 
enlarged,  the  added  fins  do  not  efficiently  dissipate 
the  heat. 

In  Table  2,  where  F  =  50  and  C  =  2.5,  when  the 
heat  sink  width  was  increased  from  W  =  75  mm  to 
W  =  100  mm,  the  T^  decreased  from  Th  =  35.04  °C 
to  Th  =  33.70  °C,  that  is,  by  only  1.34  °C  (4%). 
When  a  heat  sink  is  enlarged,  fins  are  added  only  at 
the  edges.  These  fins  are  relatively  far  from  the 
thermoelectric  module  and  become  so-called  finned 
fins.  Therefore  they  are  not  efficient.  It  can  be 
seen  from  Table  2  that  the  heat  sink  effectiveness, 
jj,  ,  decreased  from  0.79  to  0.68,  that  is,  by  0.11 
(14%). 

Summary 

This  paper  introduces  a  simplified  geometric  method 
for  calculating  the  efficiency  of  heat  dissipation  from 
the  hot  side  of  a  thermoelectric  module.  By 
converting  a  finned  heat  sink  into  a  flat  plate,  the 
numerical  method  for  calculation  of  heat  conduction 
from  a  finned  heat  sink  is  simplified. 

The  influence  of  heat  sink  geometry  (such  as  fin 
height,  number  of  fins  per  inch,  heat  sink  width)  on 
performance  has  been  discussed.  A  concept  of  air 
heat  sink  effectiveness  also  has  been  introduced  to 
judge  heat  sink  performance. 
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Table  1.  Calculation  results  based  on  h  =  35  w/(m2oC),  L  =  75  nun. 


F 

=  25  mm,  W=75  mm 

F= 

=  45  mm,  C  =  2.5  mm 

C  =  2.5  mm 

3 

4 

W  =  75  mm 

89 

100 

n  =  10 

8.5 

6.4 

10 

10 

10 

h,  =  672  w/(mJoC) 

566 

433 

1043 

1043 

1043 

T;  =  40.2  »C 

42.67 

47.46 

35.47 

34.59 

34.10 

n.  =  0.85 

0.87 

0.90 

0.80 

0.74 

0.70 

Table  2.  Calculation  results  based  on  h  =  35  w/(nt2oC),  L  =  75  nun. 


F  =  50  mm 

C  =  2.5  mm 

W  =  75  mm  | 

n  =  10 

10 

10 

C  =  2.5  mm 

3 

4 

h,  =  1110  w/(mJoC) 

1110 

1110 

1110 

931 

707 

T;  =  35.04  °C 

34.14 

33.7 

35.04 

36.51 

39.54 

n.  =  0.79 

0.73 

0.68 

0.79 

0.82 

0.85 
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Abstract 

Different  types  of  thermoelectric  radiation  detectors  are 
presented,  as  well  as  sensors  like  AC-power  sensors,  and 
gas  pressure  sensors.  The  suitability  of  thermoelectric  ra¬ 
diation  detectors  for  different  applications  is  discussed  and 
compared  to  photon  detectors  and  other  thermal  detec¬ 
tors.  In  a  systematic  order,  the  characteristics  of  different 
device  production  techniques,  of  different  thin  thermoelec¬ 
tric  films,  and  of  different  devices  are  listed,  and  their  po¬ 
tential  for  further  developments  is  discussed.  The  combi¬ 
nation  of  thermoelectric  materials  and  CMOS  technology 
gave,  and  gives  exciting  new  impulses  to  the  field.  For  that 
reason,  this  subject  takes  a  dominant  part  of  the  paper.  Fi¬ 
nally,  some  new  ideas  and  concepts  are  presented  to  point 
out  that  thermoelectric  sensors  represent  a  living  and  fas¬ 
cinating  subject. 

Introduction 

Sensors  were  the  very  first  application  of  thermoelectrics, 
shortly  after  the  first  thermoelectric  effect  was  discovered. 
In  1830  Meloni  used  a  rather  sensitive  device,  made  from 
bismuth  and  antimony,  to  detect  infrared  radiation.  Until 
the  bolometer  was  invented  in  1885  by  Langley,  thermo¬ 
electric  detectors  remained  the  most  sensitive  detectors.  In 
a  bolometer  the  fact  that  conductors  change  their  resistan¬ 
ce  with  temperature  is  utilized.  The  above  two  dates  mark 
the  beginning  of  a  history  of  developments  and  improve¬ 
ments  in  many  fields  of  sensor  application  where  the  both 
types  thermoelements  and  bolometers  shared  the  leading 
positions  in  the  field.  Today,  photon  detectors,  pneumatic 
detectors  and  pyroelectric  detectors  are  better  alternati¬ 
ves  for  some  applications.  There  are,  however,  still  many 
fields  in  radiation  measurement,  AC-power,  temperature 
measurement,  pressure  and  gas  flow  measurement,  where 
bolometers  and  thermoelements  are  widely  used.  [1] 

At  the  time  they  were  invented,  most  of  these  sensors  we¬ 
re  built  as  wire  or  rod  devices.  In  the  last  30  years,  micro 
technology  began  to  transform  the  old  macroscopic  designs 
into  new  miniaturized  setups,  and  by  that,  not  only  im¬ 
proved  performance,  repeatability,  and  price/performance 
ratio  of  the  devices  but  also  extended  the  fields  of  appli¬ 
cation.  The  intent  of  this  paper  is  to  give  an  overview  of 
the  principles  of  thin  film  thermoelectric  sensors,  to  show 
their  performance  limits,  and  to  relate  them  to  other  sen¬ 
sors  through  the  example  of  infrared  detectors.  Finally,  the 
different  techniques  which  are  applied  to  produce  thermo¬ 
electric  sensors  will  be  presented,  and  their  advantages  and 
disadvantages  will  be  discussed. 

Types  of  Sensors 

In  a  thermoelectric  sensor,  a  temperature  difference  will 


arise  between  the  junctions  of  a  two  conductor  circuit  de¬ 
pending  on  the  energy  flow  introduced  on  the  hot  side  of 
the  sensor,  and  the  energy  flow  distributed  in  the  sensor, 
either  as  a  flow  through  the  cold  side,  or  to  the  surroun¬ 
dings. 


Fig.  1  Thermoelectric  thin  film  sensor  in  the  radiation  de¬ 
tector  configuration  with  an  absorber. 


Fig.  2  Thermoelectric  thin  film  sensor  with  a  heater  resi¬ 
stor.  Different  heat  flows  are  shown. 

In  a  thin  film  sensor,  as  shown  in  figure  1,  the  thermo¬ 
element,  as  well  as  the  power  absorber,  is  evaporated  to 
a  thin  foil  which  sits  on  a  supporting  frame.  The  frame 
serves  as  the  heat  sink  of  the  device,  the  foil  represents  a 
thermal  short  for  the  thermoelement. 

The  output  voltage  of  a  thermoelectric  sensor  is  given  as 

Us  —  71  OiahJh.in  /Gh  (1) 

Gh  —  {Gh. element  T  G h. substrate  T  G h.surroundingi^) 

where  n  is  the  number  of  thermocouples  (for  simplicity 
only  one  is  drawn  in  this  paper  where  there  might  be  up 
to  several  hundreds),  aah  the  Seebeck  coefficient  of  one 
thermocouple,  Gh  the  thermal  conductance  and  Jh  the 
energy  current. 


0-7803-3221-0/96  $4.00  ©1996  IEEE 
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Responsivity 


r  =  =  naabef{v)/Gh 


Noise  Equivalent  NEP 
Power 


—  UjL 


Specific 

Detectivity 

Response  time 

Sensitivity 


n*  — 

—  jvr  c1  i 


1/2 


NEP 


r  =  Ch/Gh 

•  =  ZjP/U. 


Depending  on  what  standard  condition  the  device  is  cali¬ 
brated,  it  can  work  either  as  a  power  sensor ,  or  as  a  power 
loss  sensor. 

A  power  sensor  is  used  under  standard  loss  conditions  whe¬ 
re  the  losses  are  calibrated  with  a  given  energy  flow. 

The  temperature  difference  along  the  thermoelement  is  ge¬ 
nerated  either  by  radiation  which  is  absorbed  by  an  absor¬ 
ber  (Fig.  1)  or  by  electric  power  which  is  dissipated  in  a 
resistance,  near,  or  on  top,  of  the  hot  side  of  the  thermo¬ 
couple.  (Fig.  2)  Both  types  of  sensors  can  be  used  as  energy 
flow  sensors,  the  one  in  Figure  1  as  infrared  detector,  the 
one  in  Figure  2  as  electric  power  sensor.  The  latter  type  is 
often  called  an  AC-DC  converter  or  true  RMS-sensor. 

The  device  shown  in  Figure  2  can  also  serve  as  power  loss 
sensor  if  the  introduced  electric  power  is  known: 


•  If  there  is  an  unknown  gas  (or  liquid)  under  known 

pressure  around  the  membrane,  the  thermal  conduc¬ 
tance  of  the  gas,  and  through  that,  the  gas  type  can 
be  determined.  (G /j. surrounding  ^gcts  with  A ga$  the 

thermal  conductivity  of  the  gas). 

•  If  the  gas  type  is  known  the  pressure  (p)  can  be  de¬ 
termined.  G  ^surrounding  —  f{p)* 

•  If  pressure  and  gas  (liquid)  type  are  known  the  flow 
velocity  of  the  gas  (liquid)  can  be  determined.  If  the 
heater  is  located  beside  the  thermoelement  and  not 
on  top,  the  flow  direction  can  be  determined  as  well. 
(In  two,  or  three,  dimensions  with  two,  or  three,  ther¬ 
moelements). 

•  If  there  is  an  unknown  solid  film  on  top  (or  below)  the 
sensor  membrane,  the  thermal  conductance  of  the  film 
can  be  determined.  If  the  thickness  is  known  the  ther¬ 
mal  conductivity  of  the  material  can  be  determined, 
and  vice  versa. 


Besides  the  properties  of  external  materials,  thermoelec¬ 
tric  sensors  can  be  used  to  test  the  sensor  materials  them¬ 
selves.  The  requirement  is  that  the  production  process 
itself  be  strongly  reproducible.  As  that  is  the  case  for  mo¬ 
dern  integrated  circuit  technology  such  sensors  are  import¬ 
ant  tools  to  determine  thermoelectric  and  thermal  proper¬ 
ties  of  IC-process  compatible  materials! [2,  3] 

Performance  Limits  of  Sensors. 

The  limits  of  performance  for  all  power  loss  sensors  are 
strongly  dependent  on  the  accuracy  and  reproducibility  of 
device  production  and  the  stability  of  measurement  condi¬ 
tions.  So,  all  gas  conductance  measurements  are  sensitive 
to  changes  in  flow  and  in  the  cleanliness  of  the  gas. 


Table  1  Parameters  for  the  description  of  thermoelectric 
sensors,  with  the  signal  voltage  Us,  the  change  in  signal 
voltage  per  unit  measurement  parameter  -U’dX^  (x  for  ex¬ 
ample  the  pressure),  the  Boltzmann  constant  &#,  n  the 
number  of  thermocouples,  Seebeck  coefficient  of  the  ele¬ 
ment  aa&,  e  the  absorption  factor  for  the  incoming  energy 
flow,  v  the  measuring  frequency  and  Av  the  measuring 
bandwidth,  the  absolute  temperature  T  and  the  Area  of 
the  absorber  A.  Ch  is  the  heat  capacity  of  the  membrane 
with  the  thermocouple  and  Gh  the  thermal  conductance 
between  the  active  area  and  the  surroundings. 

Intelligent  design  and  the  combination  of  several  sensors 
in  one  device  can  help  control  these  conditions. [2] 

For  power  sensors,  there  are  determined  by  fundamental 
effects.  First,  the  temperature  of  each  body  which  is  in 
any  thermal  contact  to  its  environment,  fluctuates.  This 
fact  leads  to  a  general  limit  for  all  thermal  sensors.  Ta¬ 
ble  1  gives  a  list  of  parameters  which  are  used  to  describe 
thermoelectric  detectors.  The  Noise  equivalent  power  is 
the  incident  power  which  creates  the  same  output  signal 
at  the  terminals  of  a  device  as  the  internal  noise  sources. 
The  NEP  depends  strongly  on  the  temperature  of  the  de¬ 
vice  and  its  surrounding,  and  on  the  thermal  conductance 
with  which  is  connected  to  the  surrounding.  The  NEP  is 
smallest,  if  the  connection  to  the  surrounding  is  smallest. 
For  a  radiation  detector,  there  is  at  least  a  radiation  coup¬ 
ling  through  the  radiation  receiver.  As  it  turns  out,  there 
is  a  universal  value  which  can  be  given  to  describe  the 
performance  of  any  type  of  radiation  detector:  The  speci¬ 
fic  detectivity  D*.  According  [4]  the  maximum  D*  for  a 
given  temperature  is 

^ ideal  —  l/x/l6fc60-j6T5  (3) 

In  Figure  3  this  relation  is  charted  vs.  temperature.  D*  in¬ 
creases  strongly  with  decreasing  temperatures.  Therefore 
many  attempts  are  made  to  build,  and  use,  detectors  for 
low  operation  temperatures.  Bolometers  are  successful  in 
this  field,  there  are  some  available  which  exceed  the  theo¬ 
retical  performance  limits  of  room  temperature  devices  by 
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several  orders  of  magnitude.  For  the  intermediate  tempe¬ 
rature  range,  there  is  one  detector  type  worth  mentioning 
which  is  about  to  get  wider  use:  the  high  temperature  su¬ 
perconduction  bolometer.  In  such  devices,  the  strong  in¬ 
crease  of  resistance  at  the  transition  edge  is  used.  The  best 
devices  of  that  type  are  already  better  than  any  thermal 
detector  at  room  temperature.  [5] 

For  photon  detectors  in  which  radiation  does  not  create 
heat  but  free  electrons,  these  limits  do  apply  differently. 
The  detection  limits  are  are  depending  on  the  cut  off  wa¬ 
velength  of  the  devices,  and  thus  on  the  bandgap  of  the 
semiconductors.  The  limits  are  one  to  several  orders  of  ma¬ 
gnitude  smaller  than  those  of  thermal  detectors.  However, 
their  sensitive  range  is  limited  to  a  small  spectral  range,  as 
only  photons  of  about  gap  energy  create  conduction  elec¬ 
trons  with  great  efficiency.  With  devices  at  liquid  nitrogen 
temperatures,  the  range  of  300K  radiation  can  easily  be 
detected.  CdHgTe  photo- voltaic  or  photo-conductive  de¬ 
vices  are  therefore  widely  used  in  sophisticated  detection 
and  spectroscopic  applications,  often  as  one  or  two  dimen¬ 
sional  arrays.  For  details  about  the  performance  of  photon 
detectors  see  [6] 


TU<] 


Fig. 3  Theoretical  limits  of  D*  for  ideal  thermal  detectors 
for  different  temperatures  as  well  as  performance  figures 
for  several  detector  types: 

a)  A1  superconduction  bolometer  at  1.27  I<  according  to[7] 

b)  High  Tc  supercond.  bolometer  at  90K  according  to  [5] 

c)  Thermoelectric  bulk  detector  according  to[8] 

d)  Thermoelectric  thin  film  detector  according  to [9] 

e)  CdHgTe-PV  detectors  at  10  fim  wavelength  to[6] 

As  no  low  temperature  thermoelements  are  known  the  use 
of  thermoelectric  detectors  got  restricted  to  applications 
where  extreme  low  detection  limits  are  not  required,  or 
where  no  low  temperatures  are  achievable. 

When  the  question  for  the  performance  limits  is  raised, 
for  thermoelectric  detectors  Johnson  noise,  the  fluctuating 
voltage  across  any  resistor,  must  be  taken  into  account.  D* 
of  a  thermoelectric  detector  can  be  desribed  as  [8,  11] 


Figure  4  shows  the  dependence  of  D*  for  thermoelectric 


detectors  as  a  function  of  the  figure  of  merit  zT.  For  low 
values  of  zTt  D*  goes  with  y/zT  and  describes  the  influ¬ 
ence  of  Johnson  noise.  For  large  values  of  zT,  D*  approa¬ 
ches  the  limits  for  thermal  detectors.  Fig.  4  also  shows 
the  performance  figures  of  several  thermoelectric  detec¬ 
tors.  Most  thin  film  devices  remain  about  an  order  of  ma¬ 
gnitude  below  the  theoretical  limits  because  of  parasitic 
losses  through  membranes  and  in  contact  resistances.  For 
a  list  of  more  devices  see  [12]. 


zT 


Fig.  4  Theoretical  limits  of  D*  for  ideal  thermoelectric  de¬ 
tectors  for  different  values  of  zT  as  well  as  performance 
figures  for  several  thin  film  thermoelectric  detectors: 

a)  Si-Al  Thermopile  according  to  [13] 

b)  Bi-Sb  Thermopile  according  to  [14] 

c)  p-  and  n-GaAlAs  Thermopile  according  to  [15] 

d)  ( Bi,Sb)2Te3  Thermopile  according  to  [9] 

e)  (Bi,  Sb)2Tes  Thermopile  according  to  [16] 

Finally,  it  has  to  be  noted,  that  NEP  or  D*  are  not  the  only 
relevant  numbers  for  thermal  radiation  detectors.  Often  it 
is  important  to  have  a  fast  device  and  thus  either  a  low 
heat  capacity,  or  a  large  thermal  conductance  to  get  a 
small  response  time. 

It  is  the  frequence  behavior  of  pyroelectric  detectors  which 
makes  them,  for  some  fast  spectroscopic  applications,  sup- 
perior  over  other  thermal  detectors.  In  pyroelectric  sensors 
the  spontaneous  polarisation  of  an  material  changes  with 
temperature.  The  temperature  change  is  detected  by  ob¬ 
serving  the  moving  compensation  charges.  Their  detecti¬ 
vity  does  decrease  weeker  than  with  1/f,  like  for  thermo¬ 
electric  and  bolometric  devices.  Therfore  they  are  better 
at  higher  frequencies  even  if  their  low  fequency  properties 
are  worse  than  that  of  thermoelectric  devices.  [10] 

Especially  for  consumer  devices,  high  signal  levels,  and 
therefore  low  amplification  requirements,  are  often  crucial 
in  deciding  wether  a  sensor  can  be  used  or  not.  Therefore, 
a  large  number  of  thermoelements  with  large  internal  re¬ 
sistances,  large  signal  voltages  and  noise  voltages  are  im¬ 
portant.  Such  large  numbers  can  be  best  reached  by  IC 
technology  with  high  package  density. 

Production  Techniques  of  Detectors 
In  order  to  describe  developments  of  the  production  pro¬ 
cess,  it  is  useful  to  group  them  into  certain  categories. 
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The  first  thermoelectric  sensors  and  bolometers  were  built 
from  bulk  materials,  like  single  crystals  and  wires.  With 
such  techniques,  it  was  possible  to  build  very  sensitive  de¬ 
vices.  Because  of  the  limited  number  of  thermoelements, 
the  output  voltages  of  such  devices  usually  are  small.  The 
production  usually  was  labor  insensitive,  and  there  were 
great  variations  between  individual  sensors. 

Thin  film  techniques  show  the  advantage  of  high  reproduc¬ 
tivity,  but  also  have  the  disadvantage  of  the  demand  for 
carrier  membranes,  and  with  them,  the  problem  of  thermal 
expansion  mismatch.  Thin  film  devices  can  be  distinguis¬ 
hed  in  a  few  categories: 

Thin  film  metals  and  semi  metals 

They  can  easily  be  thermally  evaporated  to  organic  or 
ceramic  membranes  on  metal  support  frames.  In  this  ca¬ 
tegory,  bismuth  and  antimony,  the  materials  used  in  the 
early  days  of  thermoelectrics  are  the  most  successful  mate¬ 
rials  .  There  are  membranes  available  of  less  than  lOOnm 
thickness  with  very  low  heat  capacity  and  conductance. 
Therefore,  such  devices  can  be  very  sensitive  and  fast.  If 
very  thin  membranes  are  used,  masking  is  limited  to  lift 
off  masks  which  sets  lower  limits  for  the  dimensions  of  the 
legs  of  the  thermoelements. 

Thin  film  semiconductor  materials 

Many  attempts  have  been  done  to  evaporate 
(Bi)  S^^Te,  Se)3  materials  because  of  their  large  value 
for  zT  of  about  one  at  room  temperature.  The  evapora¬ 
tion  requires  high  temperatures,  (>  250°C),  therefore  the 
types  of  membranes  are  limited.  The  best  thermoelectric 
detectors  were  made  from  these  materials.  The  evapora¬ 
tion  however  is  complicated,  and  tellurium  and  selenium 
tend  to  spoil  vacuum  systems.  For  these  reasons,  these 
materials  are  not  (yet)  compatible  with  the  IC-processes. 
[16,17] 

Thin  film  CMOS  and  other  IC  processes 
P-  and  n-  polysilicon  either  as  a  pair  or  in  combinati¬ 
on  with  A1  as  thermoelectric  leg  are  the  most  successful 
thin  film  materials  of  the  micromachining  silicon  processes, 
if  they  are  applied  on  anisotropically  underetched  mem¬ 
branes. Even  if  such  thermocouples  have  small  values  of 
zT,  and  even  if  the  membranes  of  SiO^j Si^N^  or  poly-Si 
are  relatively  thick,  their  technological  advantages  bring 
them  success:  Because  of  the  photo  etching  technology, 
the  structure’s  dimensions  can  be  very  small,  and  there¬ 
fore  many  elements  can  be  integrated  in  a  single  detec¬ 
tor.  This  results  in  high  signal  levels.  Additionally,  am¬ 
plification,  stabilization,  and  linearization  electronics,  can 
be  included  in  the  chips  which  can  be  produced  in  cheap 
batch  fabrication  processes  [18].  Besides  in  Silicon  proces¬ 
ses,  sensors  have  also  been  produced  with  GaAlAs-GaAs 
technology.  [15] 

As  thermal  losses  through  the  micromachined  membranes 
are  a  great  drawback  for  silicon  thermoelectric  devices, 
technologies  have  been  invented  to  avoid  the  disadvantages 


evaporated  thermoelectric 
material 

any  membrane 
evaporated  insulator 


_^^_^diffused  thermoelectric 
2  material  (p-  or  n-  poly  Si) 


poly  Si  membrane 


Fig.  5  Techniques  to  reduce  membrane  effects:  Increase 
packaging  density,  use  of  the  membrane  as  thermoelectric 
material 


Fig.  6  Techniques  to  reduce  membrane  effects:  creation  of 
cantilever  beams. 


Fig.  7  Techniques  to  reduce  membrane  effects:  Removal  of 
the  membrane. 


Figures  5,6  and  7  show  different  methods  of  reducing  the 
negative  effects  of  the  additional  thermal  shorts  to  the  heat 
sink  by  the  supporting  membrane  [2,  18].  This  can  be  done 

by 

•  increasing  the  packaging  density  through  the  creati¬ 
on  of  p/n  double  layers.  Through  this  design  change, 
the  relative  influence  of  the  membrane  on  the  heat 
conduction  to  the  heat  sink  is  reduced. 

•  using  the  membrane  as  part  of  an  active  material  that 
is,  the  p  or  n  thermoelement  leg  is  diffused  into  a 
polysilicon  membrane. 

•  removing  all  membrane  parts  which  do  not  need  to 
support  thermoelements  or  active  areas.  These  active 
area  then  are  suspended  on  cantilever  beams.  Such 


318 


15th  International  Conference  on  Thermoelectrics  (1996) 


constructions  allows  for  great  heat  exchange  with  the 
surrounding  gas. 

•  removing  the  membrane  completely.  [19] 

New  Concepts 

There  are  some  new  sensor  designs  which  do  not  fit  into 
the  criteria  presented  here  but  which  should  be  mentioned 
anyway. 

For  one  the  freestanding  thermoelement  device,  mentioned 
as  an  example  for  avoiding  membrane  effects,  does  not  fit 
perfectly  into  the  above  presented  ordering.  This  techni¬ 
que  works  only  for  very  small  metal  thermocouples.  Such 
thermoelements  should  have  low  zT,  but  it  turns  out  that 
they  can  have  large  D*  because  of  antenna  effects  of  the 
freestanding  wires.  [19] 

Another  special  development  is  the  anisotropic  high  Tc 
thermoelectric  device.  [20]  There,  a  very  thin  film  is  eva¬ 
porated  onto  strontium  titanate  and  grows  with  a  tilt  an¬ 
gle  between  c-axis  and  the  surface,  because  of  the  lattice 
mismatch  of  the  two  materials.  At  room  temperature,  the 
high  Tc  superconductor  shows  high  anisotropy  in  Seebeck 
coefficient,  which  creates  voltages  along  the  material  if  it  is 
heated  by  radiation  from  top.  These  devices  are  interesting 
for  several  reasons:  they  belong  to  the  few  which  utilize  a 
thermoelectric  effect  other  than  the  normal  isotropic  See¬ 
beck  effect,  and  they  belong  to  the  fastest  thermoelectric 
device,  however  with  low  responsivity  and  D*. 


Fig.  6  Suggestion  for  a  three  dimensional  membrane  set 
up  corresponding  to  an  existing  bolometer  device.  [22] 

Most  of  the  devices  presented  so  far  are  available  either  as 
single  element  or  as  linear  array  sensors.  No  two  dimensio¬ 
nal  thermoelement  arrays  exist  so  far.  However,  there  have 
been  very  successful  developments  in  pyroelectric[21]  and 
bolometric  detectors  for  imaging  focal  planes  for  infrared 
radiation. [22]  The  membrane  design  used  for  the  bolome¬ 
ter  array  might  be  modified  according  to  Fig.  6,  to  serve 
as  a  two  dimensional  thermoelement  array,  where  the  acti¬ 
ve  area  is  in  an  elevated  membrane  plane  and  the  readout 
circuits  are  in  a  lower  plane. 

Conclusions 

While  Thermoelements  may  have  lost  some  importance 
in  recent  years  in  high  performance  radiation  detection 
applications,  due  tothe  rapid  developments  of  low  tem¬ 
perature  photon  and  bolometer  detectors,  thin  film  and 


IC- technology  developments  have  improved  existing,  and 
created  new  devices  which  are  able  to  satisfy  an  increasing 
demand  for  reliable  and  cheap  sensors.  The  combination 
of  existing  evaporation  techniques  for  materials  with  large 
zT  values  with  IC  technology  could  bring  further  increase 
in  the  performance  of  thermoelectric  sensors. 

An  even  larger  potential  maybe  in  the  application  of  new 
thermoelectric  materials,  especially  in  multi  quantum  well 
structures,  which  should  be  well  suited  for  sensors. 
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Abstract 

The  thermocouple  consists  of  an  internal 
wire  (Pt,  Au,  Ag)  inside  a  glass  tube  that  is 
pulled  down  to  a  diameter  of  1  -  2  pm  or 
less.  Probes  are  available  with  second 
electrode  (leg)  from  film  semiconductor 
evaporated  on  the  outside  of  the  glass 
tube.  Semiconductor  PbTe  doping  special 
impurity,  provides  constant  high  multitude 
of  the  thermoelectric  power  in  the  wide 

temperature  interval  (-100  -  200°C). 
Sensitivity  of  the  thermocouple  is  from 
2000  to  300  pV/K  and  does  not  change 
during  long  time.  Special  protective  on  the 
base  of  ultrathin  polymer  layer  permits 
using  thermocouple  in  aggressive 
atmosphere.  Calculations  indicate  the 
response  time  of  thermocouple  1  psec. 
The  suitability  of  this  thermocouple  for 
light  intensity  measurements  with 
micrometer  spatial  resolution  is 
demonstrated  by  measuring  the  focused 
beam  of  the  laser.  In  addition,  such 
thermocouples  are  intrinsically  suitable  for 
applications  in  scanned  probe 
microscopies.  Ali  these  unique  advantages 
make  the  pipette  thermocouples  a  new  and 
extremely  promising  sensor  in  a  variety  of 
applications  include  microelectronics, 
microbiology  and  others. 

I.  Introduction 

The  measurements  of  spatially  localized 
rapid  temperature  changes  are  required  in 
studies  of  many  physical  and  biological 
processes  and  objects.  These  can  include 


such  diverse  subjects  as  turbulent  flows, 
associated  with  processes  of  explosion  and 
combustion  temperature  measurements  in 
biology  at  the  cellular  and  subcellular 
level  and  temperature  measurements  in 
evolving  chemical  reactions.  For  all  these 
applications  a  microthermocouple  is  the 
most  convenient  detector.  In  recent 
publications,  fast  microthermocouples 
have  been  described  with  response  times 
of  milliseconds  and  spatial  resolutions  of 
from  hundreds  to  tens  of  micrometers  [1, 
2]. 

Such  microthermocouples  may  also  be 
used  as  point  radiation  detectors  in  a  range 
of  wavelengths  from  the  UV  to  the  IR. 

In  the  present  paper,  we  advance  these 
efforts  in  temperature  measurements  with 
the  thermocouple  with  submicrometer 
contact  size  and  a  response  time  of  a  few 
microseconds.  We  demonstrate  that  a 
micropipette  containing  a  platinum  core 
can  be  coated  a  film  semiconductor  on  the 
base  PbTe  (doping  special  impurity)  to 
make  a  PbTe-platinum  point  thermocouple 
at  the  tip  of  the  micropipette.  The  unique 
submicron  thermocouple  structure  was  the 
characterized  in  the  terms  of  both  its 
response  time  and  its  ability  to  image  a 
focused  laser  beam. 

II.  Theoretical  considerations 

The  analysis  of  heat  distribution  in  point 
thermocouple  allows  one  to  determine 
restrictions  imposed  on  the  geometry  of 
such  the  thermocouple.  These  restrictions 
come  from  the  requirement  for  the  contact 
temperature  to  be  close  to  the  temperature 
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of  surrounding  medium.  For  this 
requirement  to  be  achieved,  undesirable 
heat  flow  through  the  film  coating  (PbTe) 
on  the  walls  of  the  pipette  and  platinum 
core  should  be  minimized.  This  can  be 
expressed  in  the  following  conditions 
restricting  the  geometry  of  the 
micropipette  thermocouple  (Fig.l ). 


0 


Fig.  1 .  Schematic  presentation  of  the 
sensing  area  of  the  pipette  thermocouple. 

1  -  glass  tube  (pipette),  2  -  platinum  core, 
3  -  PbTe  coating. 

P-  cone  angle,  b-  the  diameter  of 
platinum  electrode,  h  and  h  -  thickness  of 
disk  and  film  coating  PbTe  respectively,  d 
-  the  pipette  diameter. 

Condition  1 :  The  heat  flow  through  the 
platinum  core  should  be  smaller  than  the 
heat  flow  from  the  medium  to  the  heat 
contact  This  condition,  interpreted  in 
terms  of  the  solution  of  the  heat  transfer 
equation,  leads  to  the  following 
restrictions  imposed  on  the  cone  angle  fl: 

p  «kmd/(kPtb),  (1) 

where  km  and  kpt  are  heat  conductivity  of 
medium  and  platinum  respectively,  b  is 
diameter  of  the  platinum  electrode  at  the 


contact,  and  d  is  the  pipette  tip  diameter. 
For  water  if  b/d  =  0. 1  the  cone  angle  P 

should  be  much  less  than  5°. 

Condition  2:  The  radial  heat  conductivity 
of  the  film  coating  at  the  tip  should  ensure 
the  effective  sensing  temperature 
by  the  whole  surface  of  the  tip.  Based  on 
the  solution  of  the  heat  transfer  equation 
for  a  disk-shaped  metal  layer  with  heat 
outflow  from  its  center,  this  condition 
takes  the  form 

kPt(b/2)pin(d/b)  «  2hkPbTe,  (2) 

where  h  is  the  thickness  of  the  PbTe  disk 
(see  Fig.l),  kPbTe  is  the  heat  conductivity 

of  PbTe.  This  yields  h/d  »  21  O'4  for  b/d 
=  0.1  and  P  =  1° 

In  the  case  where  conditions  1  and  2  are 
satisfied,  the  spatial  resolution  of  the 
pipette  thermocouple  can  bee  valuated  as: 

dhw  kpbXe/L  L  km,  (3) 

where  L  -  the  length  of  a  sensing  area, 
hw  is  the  thickness  of  film  PbTe  coating. 

The  response  time  of  the  pipette 
thermocouple  with  dimensions  (tip 
diameter  and  thickness  of  film  coating  = 
lpm,  length  of  sensing  area  L  =  5  pm)  is 
as  small  as  <  1  psec  for  the  measurement 
in  water. 

III.  Thermocouple  fabrication 

In  order  to  obtain  optimal  parameters  of  a 
thermocouple  it  is  necessary,  to  reduce  the 
size  of  the  sensor.  At  present,  a  number  of 
methods  are  available  for  producing 
microelectodes,  such  as  electropolished 
platinum,  carbon  sealed  in  glass  and  other 
methods.  In  [3]  is  described  method  of 
microelectrodes  fabrication  with  involves 
pulling  an  annealed  platinum  wire  placed 
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inside  a  borosilicate  pipette  by  a  common 
pipette  puller.  We  describe  here  a 
technique  for  the  production  of 
microelectodes  which  allows  one  to 
control  and  vary  its  parameters.  The 
reproducibility  of  this  technique  is  about 
90%.  A  platinum  wire,  80  micrometers  in 
a  diameter,  was  placed  inside  a 
borosilicate  tube  with  outer  and  inner 
diameters  equal  to  1.2  and  0.3  mm, 
respectively.  The  pipette-wire  assembly 
was  placed  in  a  Sutter  P-200  laser  pipette 
puller  with  allowed  varying  of  5 
parameters:  temperature  of  heating,  the 
length  of  the  segment  heated,  delay  time 
between  turning  the  heat  on  and  the 
beginning  of  pulling,  the  velocity  of  the 
pull  and  the  strength  of  the  pulling. 

To  find  the  optimal  combination  of  these 
parameters,  we  treat  our  sample, 
consisting  of  a  glass  tube  and  a  platinum 
wire  inside  it,  as  a  composite  material 
(CM).  In  this  material  the  heated  glass 
tube  acts  as  the  matrix  which  is  more 
plastic  than  the  platinum  wire  which  acts 
as  the  frame.  During  the  pulling  procedure 
the  surrounding  glass  acts  to  stabilize  the 
metal  and  thus  results  in  a  more  uniform 
thinning  of  the  metal  core.  Therefore  the 
metal  core  can  be  pulled  down  to  a 
smaller  dimension  before  the  breaking 
occurs.  It  is  also  known  that  for  CM  of  this 
type  there  is  some  critical  volume  fraction 
of  the  frame  Vcr,  at  which  the  plasticity  of 
the  CM  becomes  equal  to  that  of  the 
surrounding  matrix,  i.e.  glass  in  this 
particular  case.  Note  that  the  platinum 
wire  diameter  Dw,  was  not  varied  ,  while 
the  external  diameter  of  the  glass  tube 
Dgl,  depended  on  parameters  that  were  set 
for  the  pulling  program.  Since  the  ratio 
A  =  Dw/Dgl  defines  the  volume  fraction 
of  the  frame  V,  we  can  ensure  V  =  Vcr  by 
simply  varying  Dgl.  We  therefore 
performed  the  pulling  operation  in  the 


following  2  steps: 

First,  the  glass  tubes  were  pulled  to  an 
inner  diameter  that  was  equal  to  the 
platinum  wire  diameter.  At  this  point  the 
sample  was  heated  for  several  seconds 
without  further  pulling  to  ensure  a  firm 
connection  between  the  glass  and  the 
platinum.  Subsequently,  the  pulling  was 
performed  slowly,  in  four  stages  and  this 
resulted  in  the  formation  of  two  glass 
pipettes  that  were  filled  with  platinum  to 
the  end.  The  shape  of  the  outer  diameter 
was  determined  by  the  pulling  program 
parameters  at  both  steps.  At  0.2<A<0.4  it 
was  possible  to  pull  the  glass  tube  and  the 
platinum  core  to  dimensions  as  small  as 
50  nanometers.  Fig.2  shows  a  micrograph 
of  pipette  thermocouple. 


Fig.2.  Light  micrograph  of  pipette 
thermocouple.  The  magnification  is  50. 

The  second  thermoelectrode  was  made  as 
a  vacuum-evaporated  method.  Films  of 
PbTe  are  of  interest  as  the  starting  point 
for  the  production  of  high-efficiency  thin- 
film  thermoelectric  elements  [4],  Films  of 
thickness  from  0.5  to  1  pm,  prepared  by 

evaporation  in  vacuum  of  5  1  O'6  Torr  and 
then  subjected  to  different  heat  treatments. 

The  films  were  annealed  at  350  °C  in  an 
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argon  atmosphere  at  pressure  of  0.9  atm. 
The  substrate  temperature  during  the 

evaporation  was  200  -  250  °C. 

Evaporation  was  from  quartz  crucible.  X- 
ray  and  electron-microscopic  studies  of 
the  films  showed  them  to  be 
polycrystalline.  After  annealing  we 
observed  a  weak  preferred  orientation, 
with  the  (001)  plane  parallel  to  the  plane 
of  the  film  (substrate  -  glass),  after 
annealing,  the  mean  sizes  of  the  crystalline 
grains  in  the  films  were  0.1  -  0.2  jam. 
Polymer  coating  (thickness  <  0.2  pm)  has 
deposited  by  the  plasma-CVD  techniques. 
Polymerization  when  introduced  into  a 
low-pressure  glow  discharge  is  well- 
documented  process.  Films  deposited  at 
high  monomer  pressure  (e.g.  >  0.5  Torr) 
low  substrate  bias(e.g.<  -100  V  to  ground), 

and  power  density'  (e.g.  <  1  Wcm  ).  The 
films  grown  are  mechanically  soft. 

IV.  Experimental  Details 

The  variation  of  the  charge  carrier 

concentration  can  be  achieved  with  the 
help  of  doping  of  the  initial  material  with 
elements  of  the  third  group  (In)  an  also 
producing  solid  solutions  Pb-Ge-Te  (In). 
The  high  solubility  of  this  impurity  allows 
to  observe  and  study  the  impurity  state 
characteristic  manifestations  in  spite  of 
high  intrinsic  defect  concentration.  Among 
these  manifestations  are:  Fermi  level 
pinning  and  carrier  concentration 

stabilization  [5  -  6], 

Indium  impurity  in  lead  telluride  definitely 
manifests  donor  properties,  but  in  spite  of 
a  very  high  solubility  of  InTe  in  PbTe  the 
electron  concentration  n  does  not  exceed 
several  units  per  1018  cm-3.  All  facts  and 
other  investigations  were  interpreted  as 
follows  [6], 

I.  With  indium  doping  the  quasi-local 
level  appears  in  PbTe  above  the 


conduction  band  edge,  its  position  does 
not  depend  on  the  content  of  In  up  to  Nin  < 
2.5  at.%.  This  level  is  very  weakly 
broadened  (<  10‘3eV). 

2.  The  impurity  band  contains  two  states 
per  each  atom  of  indium  and  is  filled  with 
electrons  approximately  by  a  half  in  the 
absence  of  other  donors  and  acceptors. 

3.  When  the  impurity  level  Ei  is  partially 
filled  with  electrons  the  low-temperature 
Fermi  level  Er-  practically  coincides  with 
impurity  level. 

4.  While  in  case  of  halcogen  substitution 
(Te  -Se,  S)  the  level  shifts  upwards  from 
the  conduction  band  edge,  substitution  of 
lead  (Sn,  Ge)  yields  an  opposite  effect. 

The  charge  for  preparing  the  thin  films 
consisted  of  bulk  polycrystalline  samples 
PbTe  and  Pbo  (Geo  gTe  with  a  constant 
content  of  the  dopant  indium  (0.5  at.%). 
The  profile  of  the  film  composition  over 
the  film  thickness  was  analyzed  by  the 
method  of  Auger  electron  spectroscopy. 
Electrons  reflected  from  the  film  surface 
in  the  energy  range  250-1200  eV  were 
analyzed.  For  Pb0  iGeg  9Te:ln  films, 
prepared  by  discrete  evaporation,  the 
general  distribution  of  the  elements  Pb, 
Ge,  In  and  Te  over  the  thickness  is  similar 
to  the  distribution  of  these  elements  in  the 
bulk  material. 

We  investigated  the  Hall  coefficient  R, 
electrical  resistivity  p,  Seebeck  coefficient 

5.  heat  conductivity  k  of  films  PbTeiln, 
Pb0  iGe0.9Te:In  (substrate  -  glass)  at  100  - 
500  K.  For  composition  Pb0  ]Ge0  9Te:In  S 
practically  does  not  change  from  200  to 
400K  and  achieved  magnitude  -300  pV/K. 
The  temperature  dependence  of  the  Hall 

mobility  was  T  ’*  near  room  temperature. 
The  temperature  dependence  of  the  lattice 

heat  conductivity  k]  was  close  also  to  T 
The  values  of  k|  for  the  films  were 
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somewhat  lower  in  comparison  with  kj  for 
bulk  material. 

The  kinetic  experiments  were  aimed  at 
determining  the  response  time  of  the 
pipette  thermocouples.  Initially  we  chose  a 
technique  which  was  based  on  direct  laser 
heating  of  the  thermocouple.  The  Q- 
switched  Nd:YAg  laser  used  as  the  pulsed 
heat  source  yielded  300-nsec,  1-mJ  pulses 
at  a  repetition  rate  of  100  Hz.  The 
emission  of  the  laser  was  focused  by  a  lens 
onto  the  pipette  tip  so  that  the  pulse 
energy  density  of  the  infrared  light  was  0.5 

-  2  J/cm  .  A  part  of  the  laser  emission  was 
directed  to  a  pin-photodiode.  Both  signals, 
from  the  photodiode  and  the  amplified 
thermocouple  output,  were  processed  by 
an  identical  pair  of  Stanford  Research 
Model  250  gated  integrators  and  boxcar 
averages.  The  response  time  of  the 
thermocouple  estimates  as  the  rate  of 
cooling  of  the  thermocouple  after  the  laser 
pulse.  The  results  of  measurements  are 
presented  in  Fig.  3. 


Fig.3  Response  of  pipette  thermocouple 
Pt-PbTe  (immersed  in  air  2  and  water  3 
respectively)  to  direct  laser  heating.  The 
photodiode  output  1  follows  the  temporal 
nature  of  heating  laser  pulse. 


From  Fig.  3  it  is  seen  that  the  response 
time  of  the  thermocouple  are  of  the  order 
of  a  few  microseconds. 


V.  Conclusions 

A  new  microthennocouple  which  consists 
of  platinum  thin  wire  inside  a  glass  tube 
(the  top  pipette  diameter  achieves  1  pm) 
and  semiconductor  thin  film  evaporated 
on  the  outside  of  the  glass  tube  was 
developed. 

Sensitivity  Pt-PbTe  thermocouple  is 

greater  than  10  comparing  with  metal 
thermocouples. 

Calculation  and  measurement  (focused 
beam  of  laser)  indicate  the  response  time 
of  thennocouple  1  psec. 
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The  study  and  design  results  of  multi-element  themoelectric 
batteries  with  small  section  of  legs  for  low-powered 
thermoelectric  generators,  weak  current  cooling  modules 
and  high-sensitive  sensors  have  been  presented. 

The  production  technology  of  thermoelectric  modules  with 
legs  cross-section  more  than  0.5  x  0.5  mm  and  length  of  1-5 
mm  and  more  has  been  well  developed  up  today.  With  such 
modules  the  problems  of  thermoelectric  generators  of  more 
than  1-10  W  and  thermoelectric  coolers  with  supply  current 
of  more  than  1 A  production  have  been  solved. 

At  the  same  time  there  is  a  large  class  of  practical  problems 
for  which  solutions  it  is  necessary  to  design  generators  of 
lesser  powers  (of  milliwatt  level)  and  miniature  coolers  with 
supply  currents  of  tens  and  hundreds  milliamperes. 

Besides,  standard  modules  were  highly  inconvenient  to  use 
as  sensors  in  measuring  systems  because  of  their 
exceptionally  low  volt-watt  sensitivity  and  inadequate 
matching  with  standard  recording  equipment  by  electrical 
resistance. 

The  analysis  shows  that  possibilities  for  thermoelectricity 
practical  application  is  substantially  extended  if 
development  engineers  of  thermoelectric  equipment  have 
the  possibility  to  use  thermoelectric  converters  with  small 
legs  cross-section.  In  this  case  low-powered  thermoelectric 
generators  competitive  in  a  number  of  cases  to  chemical 
electrical  sources  can  be  developed,  the  need  in  such 
sources  is  rather  great. 

Miniature  batteries  are  also  useful  as  sensitive  elements  for 
microcaloremeters  ,  heat  flow  measurement  devices,  X-ray 
radiation  meters  of  different  types,  etc. 

There  are  information  in  literature  about  repeated  attempts 
on  the  use  for  these  purposes  the  film  thermobatteries 
design  technology.  This  idea  is  rather  attracted  since  it 
assumes  the  possibility  of  mechanization  of  technological 
processes  by  means  of  microelectronics  standard 
technologies  use.  However  such  approaches  have  at  least 
two  main  disadvantages.  The  first  implies  that  the  film 
usage  is  obligatory  accompanied  with  the  use  of  substrates 
with  final  thermal  conduction  which  shunt  thermal  flows 
rather  energetically.  This  results  in  unjustified  heat  losses 


and  efficiency  decrease  of  thermoelectric  batteries.  The  more  the 
miniaturization  and  as  a  consequence  the  thinner  film,  the  larger 
losses  increase.  The  second  disadvantage  is  connected  with 
inevitable  processes  of  degradation  in  films.  Properties  change  of 
films  as  ones  knows  is  taken  place  because  of  re-crystallization 
and  oxidation  processes.  Besides,  films  and  substrates  are 
differed  by  the  coefficient  of  thermal  expansion  that  results  in 
defects  formation  in  films  due  to  mechanical  strengths  at  cycling 
thermal  conditions  and  at  temperature  gradients  presence. 
Experimental  investigations  in  this  approach  confirms  our 
misgivings. 

These  circumstances  bring  to  the  fact  that  we  have  abandoned 
from  film  technologies  in  miniature  batteries  design,  and  have 
used  delicate  methods  for  legs  cutting  with  cross-sections  from 
0.5x0.5mm  to  0.08x0.08  mm  and  their  bonding  in  packages  by 
high-temperature  epoxy  compounds  (with  operating  temperature 
up  to  150-250°C).  Legs  lengths  can  vary  from  0.5  to  20  mm  that 
makes  it  possible  to  made  s  number  of  thermoelectric 
microbatteries  easily  adapting  for  consumers  demand.  The 
package  density  of  legs  can  constitute  from  300  pieces  to  10000 
per  1  cm2.  The  technology  permits  to  make  thermoelectric 
batteries  with  different  areas.  Areas  from  5x5  mm2  to  20x20  mm2 
are  usually  used.  Series  of  such  batteries  are  given  in  Tables  1-4. 
But  themobatteries  of  other  sizes  within  intervals  given  in  Tables 
can  be  made  without  particular  difficulties.  The  square  form  of 
batteries  cross-section  is  also  unnecessary.  The  batteries  have  no 
ceramics  plates,  heat  input  and  output  form  the  module  is  realized 
through  compound  layers  filled  with  a  thermal  conductive 
powder. 

A  great  number  of  series  legs  leads  to  the  necessity  to  take 
special  measures  for  necessary  reliability  of  the  thermobattery 
endurance.  The  use  of  special  reserve  systems  permit  to  develop 
thermobatteries  the  reliability  of  which  is  not  only  competitive 
with  standard  modules  reliability  but  significantly  exceed  them. 

Fig.  1-3  represents  modules  typical  characteristics  in  the  regime 
of  electric  current  generation. 

As  it  have  already  noted  modules  can  be  used  as  sensitive 
sensors.  Table  1-4  give  values  of  the  battery  volt-watt  response  in 
the  sensor  regime. 

Use  of  thermoelectric  microbatteries  opens  up  new  fields  of 
thermoelectricity  widespread  application. 
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1 


Fig.  1-3.  Characteristics  of  module  Altec-1008. 

Area  of  a  module  £^=10x10  mm2;  height  -  h  =  10  mm; 
cross-section  of  legs  -  0.2x0.2  mm;  number  of  legs  in  a  module  -  N  =  2162 
Tc  -  TEB  cold  surface  temperature;  AT  -  temperature  difference 
between  TEB  hot  and  cold  surfaces. 
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Table  2 


Steb=  10x10  mm2 
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Investigations  of  the  Properties  of  a  Thermoelectric  IR-Detector 
for  Low  Working  Temperature 

R.  Fettig1,  T.  Henkel1,  E.  Muller2 
1  Universitat  Karlsruhe,  Institut  fur  Angewandte  Physik,  Germany 
2  Martin-Luther-Universitat  Halle-Wittenberg,  Fachgruppe  Angewandte  Physik,  Germany 


Abstract 

Thermoelectric  IR-detectors  have  been  developed  and 
built  to  work  at  a  temperature  of  170  K  in  the  CIRS  expe¬ 
riment  as  part  of  the  CASSINI  mission  to  Saturn.  Thermo¬ 
electric  legs  of  p-  and  n-type  are  soldered  to  a  metallized 
ceramic  substrate,  isolated  one  from  another.  Pyramidal 
legs  are  formed  by  electric  discharge  machining  (EDM).  A 
thin  gold  foil  is  welded  to  the  pyramides  and  blackened 
for  high  absorption  of  radiation.  Characterization  mea¬ 
surements  were  carried  out  to  correlate  detector  proper¬ 
ties  to  the  preparation  process.  Thermoelectric  behavior 
is  described  by  measuring  the  current-voltage  characteri¬ 
stics  from  liquid  nitrogen  up  to  room  temperature.  Mate¬ 
rials  of  the  composition  (Bio.4Sbo.6)2Te3  (for  p-type)  and 
Bi2(Teo.9sSeo.95)3  (for  n-type)  have  been  used  for  detector 
preparation.  The  material  was  doped  to  have  maximum  fi¬ 
gure  of  merit  at  temperatures  below  room  temperature.  It 
has  been  found  that  the  EDM  process  changes  the  proper¬ 
ties  of  the  thermoelectric  material  and  that  electro  etching 
can  remove  degraded  layers.  Electro  etched  detectors  exhi¬ 
bit  properties  which  are  closer  to  the  values  expected  from 
the  original  material. 


Introduction  and  Fundamentals 
Thermoelectric  detectors  along  with  Golay-cells,  bolome¬ 
ters  and  pyroelectric  detectors  belong  to  the  most  sensitive 
thermal  IR  sensors.  Their  construction  principle  is  simple. 
They  don’t  require  any  external  voltage  supply  and  exhi¬ 
bit  a  constant  responsivity  over  a  wide  spectral  range  if  an 
appropriate  absorber  is  provided. 

Detectors  of  the  Hilger- Schwarz- type  [1]  have  been  built 
using  highly  effective  thermoelectric  material  on  the  basis 
of  (Bii^JCSba7)2(Tei_ySey)3.  [2,  3,  4]. 


Fig.l  Principle  of  a  thermoelectric  infrared  detector  of  the 
Hilger-Schwarz-type 


Fig.  1  demonstrates  the  function  principle  of  the  detec¬ 
tor:  An  absorbing  structure  is  heated  by  radiation.  Its 
temperature  is  measured  by  a  thermoelement.  The  con¬ 
struction  geometry  in  the  presented  way  is  referred  to  as 
Hilger-Schwarz-type:  A  thin  freestanding  metal  foil  ser¬ 
ves  as  the  substrate  for  the  absorbing  structure.  It  pro¬ 
vides  a  thermal  connection  between  the  absorbing  areas 
and  the  thermoelectric  legs  and  serves  as  electric  bridge 
of  the  thermoelement.  The  metal  foil  is  linked  to  the  two 
legs  of  thermoelectric  p-  and  n-type  materials.  The  legs 
are  electrically  isolated  from  one  another  and  thermally 
connected  to  a  heat  sink  at  ambient  temperature.  To  achie¬ 
ve  maximal  DC-responsivity  heat  losses  from  the  absorber 
through  surrounding  gas  has  to  be  avoided,  therefore  the 
system  works  optimally  in  vacuum. 

The  relaxation  behavior  is  defined  by  the  heat  capacity  of 
the  absorbing  structure  as  well  as  by  the  heat  resistance 
due  to  conduction  via  the  thermoelement  and  radiation. 

The  detection  limit  of  the  sensor  is  determined  by  the  ma¬ 
gnitude  of  noise  voltage  (see  Table  1)  [5].  Johnson  noise  is 
the  dominating  mechanism;  for  high  values  of  the  figure  of 
merit  however,  the  influence  of  temperature  fluctuations 
becomes  relevant. 

The  dimensions  of  the  thermoelectric  legs  are  choosen  to 
give  the  best  results  while  taking  into  account  the  trade  off 
between  the  demands  for  high  responsivity,  low  response 
time  and  low  resistance  noise.  [4] 

old  foil 
mm  diameter 

h.Sb^CTe.Se)^-  pyramid 

netal  electrode 
n  ceramic  substrate 

u— cylinder 

i— wire 


Fig.  2  Thermoelectric  IR  detector  produced  for  CIRS  with 
pyramidal  geometry  of  the  thermoelectric  legs. 


To  manufacture  detectors,  cubes  of  thermoelectric  mate¬ 
rial  (edge  length  about  500  /i m)  are  soldered  to  a  cera¬ 
mic  carrier  of  AI2O3  coated  with  a  structured  nickel  layer. 
This  substrate  sits  in  a  copper  cylinder  of  5  mm  diame¬ 
ter  which  is  filled  with  epoxy  in  the  back  of  the  substrate. 
(Fig.  2).  After  soldering  the  cubes  are  formed  into  cones 
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or  pyramids^  150  fim  edge  length,  top  area  10  x  10 
/im2)  by  EDM.  [2],  A  100  nm  thick,  circular  gold  foil  with 
a  diameter  of  1.05  mm  is  welded  onto  the  tips.  A  layer  of 
gold  black  of  20-30  fim  in  thickness  is  evaporated  in  inert 
atmosphere  of  several  mbar  onto  the  foil  as  the  absorber 
layer  [6,  7,  8]. 


Responsivity 

r 

— 

Tt  =  v) 

Noise  voltage 

un 

= 

^Ak^TA^Rel  +  ^f(*jj 

Noise  Equivalent 
Power 

NEP 

= 

u* 

r 

Specific 

Detectivity 

D* 

= 

NEP 

Response  time 

T 

= 

K  Gw 

Current-voltage- 
char  acterisitics 

U 

I 

= 

Ret  +  =  Rel  +  Rp 

Peltier  resistance 
(J->0) 

RpO 

= 

<*lbRpwT 

dRpo 

dl 

OabR^Re 

Figure  of  Merit 

zeffT 

= 

R . 

Table  1  Parameters  for  the  description  of  a  thermoelectric 
IR-detector  with  the  signal  voltage  USi  Boltzmann  con¬ 
stant  &b,  Seebeck  coefficient  of  the  element  <*a&,  v  the 
measuring  frequency  and  A v  the  measuring  bandwidth, 
the  absolute  temperature  T  and  the  Area  of  the  absor¬ 
ber  A.  Rrw ,  RP,  and  RTW  are  the  different  heat  resistances 
relevant  for  the  determination  r,  Rp  and  r. 

For  blackened  as  well  as  for  unblackened  detectors  respon- 
sivity  r,  response  time  r,  electrical  resistance  ( Rei )  and  the 
current-voltage  characteristics  (I(U))  have  been  measured 
with  an  automated  apparatus  between  room  temperature 
and  liquid  nitrogen  temperature.  The  specific  detectivity 
and  an  effective  figure  of  merit  zej /  of  the  thermoelement 
were  calculated. 

For  computation  of  specific  detectivity  theoretical  noise 
values  of  temperature  fluctuations  and  Johnson  noise  have 
been  taken  into  consideration.  From  the  ratio  of  measured 
responsivity  of  a  detector  before  and  after  blackening  the 
specific  emissivity  of  the  unblackened  sensor  can  be  com¬ 
puted.  The  comparison  of  response  times  at  low  tempera¬ 
tures  allows  for  the  estimation  of  the  mass  of  the  deposited 
gold  black. 

Detectors  have  been  built  which  showed  below  200  K  a 
specific  detectivity  of  up  to  5  ♦  109  cm  VH^/W  with  a  re¬ 


sponse  time  of  about  40  ms  [2] .  Because  of  the  high  perfor¬ 
mance  figures  and  the  simple  construction  and  operation, 
these  thermoelectric  detectors  have  been  selected  for  use 
in  one  of  the  Composite  Infrared  Spectrometers  (CIRS)  fo¬ 
cal  planes  of  the  interplanetary  CASSINI  mission  of  NASA 
and  ESA.  CASSINI,  scheduled  to  be  launched  in  1997  is 
a  successor  mission  to  Voyager  II.  It  is  expected  to  pro¬ 
vide  enhanced  information  of  IR  emission  of  Saturn  and 
its  moon  Titan  towards  the  far  infrared. [9]  As  CIRS  will 
operate  at  170K  there  was  demand  for  improvements  in 
the  performance  figures  of  the  thermoelectric  detectors  at 
this  temperature. 

Following  theoretical  considerations,  material  with  low  do¬ 
ping  level  of  the  composition  (Bi0.4Sb0.6)2Te3  (for  p-type) 
and  Bi2(Teo.95Seo.95)3  (for  n-type)  was  used  to  build  detec¬ 
tors  and  resulted  in  a  slight  improvement  of  performance 
figures  at  low  temperatures.  [3]  Even  if  these  performance 
figures  belong  to  the  best  values  ever  achieved  with  ther¬ 
moelectric  detectors,  they  are  significantly  smaller  than  for 
ideal  detectors  built  with  the  same  material  would  show. 

Model  fits  to  measured  temperature  characteristics  and 
thermomicroprobe  measurements  show  notable  reduction 
of  the  Seebeck  coefficient  in  welded  detectors  and  EDM 
treated  thermoelectric  material.  [3,  4,  10] 

In  the  experiment  described  in  this  paper  attempts  were 
made  to  remove  EDM-damaged  surface  layers  from  de¬ 
tector  pyramids  in  order  get  detectors  with  performance 
figures  closer  to  ideal  theoretical  ones. 

Experimental 

To  remove  the  thin  layer  of  thermoelectric  material  from 
detector  pyramids  which  were  damaged  by  the  EDM- 
process  an  electro  etching  process  was  modified  which  had 
been  developed  to  polish  large  samples.  [11] 


Fig.  3  Set  up  to  remove  poor  quality  surface  layers  from 
thermoelectric  detector  pyramids.  The  electrolyte  was:  90g 
KOH,  55g  tartaric  acid,  300ml  Glycerin  in  11  aqueous  solu¬ 
tion  for  p-type  material,  and  83g  NaOH,  67g  tartaric  acid 
in  11  solution  for  n-type  material. [11] 

Figure  3  shows  the  setup  which  was  used.  To  remove  a 
thin  layer  an  electric  current  is  sent  through  an  electrolyte 
with  the  thermoelectric  material  as  the  anode  and  a  Zinc 
plate  as  the  cathode.  In  order  to  get  appropriate  results 
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it  is  important  that  all  conductive  parts  except  for  the 
thermoelectric  pyramids  are  covered  with  a  nonconducti- 
ve  lacquer,  that  the  current  density  is  about  lA/cm2,  that 
the  liquid  is  stirred  and  that  the  electro  etching  process  is 
performed  only  for  a  few  seconds.  If  these  conditions  are 
not  met,  the  pyramid  surface  gets  either  rough  or  discolo¬ 
red  or  the  pyramids  gets  desolved  completely. 


TOO 

Fig. 4  Temperature  dependence  of  resistance  r,  response  ti¬ 
me  r,  figure  of  merit  zT  and  specific  detectivity  D*  for  de¬ 
tector  module  37,  welded  and  characterized  unblackened, 
before  (filled  squares)  and  after  (+  and  *)  etching.  The 
module  was  made  from  low  temperature  material:  p-type: 
(Bio.4Sbo.6)2Te3,  n-type:  Bi2(Teo.95Seo.o5)3 


To  determine  the  effects  of  the  etching  several  detector  mo¬ 
dules  were  treated.  Before  and  after  etching  gold  foils  were 
welded  to  the  pyramids.  The  performance  figures  of  the 
detectors  thus  formed  were  determined  at  different  tem¬ 
peratures. 

Results  and  Discussion 

Figure  4  shows  the  results  obtained  for  a  typical  detec¬ 
tor.  A  most  obvious  common  feature  for  all  detectors  was 
found,  that  the  electrical  resistance  was  always  larger  af¬ 
ter  etching  if  the  gold  foil  was  welded  in  the  same  way 
before  and  after  electro  etching.  However  the  response  ti¬ 
me  of  the  detectors  was  either  the  same  or  reduced.  This 
means  that  the  ratio  <t/k  of  the  thermoelement  is  shifted 
towards  lower  values  when  the  EDM  affected  surface  layer 
is  removed.  That  is  what  is  expected  for  weakly  doped  ma¬ 
terial.  Another  argument  for  low  doping  level  is  the  fact 
that  some  detector  resistances  show  a  smaller  tempera¬ 
ture  dependence  at  room  temperature.  This  is  a  sign  for 
beginning  intrinsic  conduction.  In  the  sample  presented  in 
Fig.  4  the  temperature  dependence  of  the  resistance  gets 
stronger  in  the  entire  temperature  range.  This  is  what  one 
would  expect  if  a  layer  with  increased  boundary  scatte¬ 
ring  is  removed  from  a  single  crystal.  The  absolute  value 
of  the  thermal  conductance  and  hence  of  the  thermal  con¬ 
ductivity  has  either  increase  or  remains  unchanged  while 
the  doping  level  is  decreased.  This  also  could  be  a  sign  of 
reduced  scattering. 

The  changes  of  the  absolute  values  of  zejjT  are  for  all 
samples  small,  therefore  the  Seebeck  coefficient  of  the  de¬ 
tectors  must  have  increased.  The  maxima  of  zejjT  is  shif¬ 
ted  towards  lower  temperatures  for  all  detectors  which  is 
an  additional  argument  in  favor  of  low  doping  level.  Re- 
sponsivity  and  detectivity  do  show  a  small  change  with  the 
etching  -  an  increase  in  the  presented  case,  but  decrease 
have  been  observed  as  well.  To  draw  additional  conclusions 
from  their  behavior  further  calculations  are  necessary. 

Conclusions 

Etching  the  thermoelectric  pyramids  of  the  detectors  si¬ 
gnificantly  changes  their  properties  from  that  of  a  highly 
doped,  strongly  damaged  semiconductor  to  that  of  a  single 
crystal  with  a  lower  doping  level.  The  overall  improvement 
of  the  detectors  however  is  low,  which  still  could  be  an  ef¬ 
fect  of  the  welding. 

The  effects  of  the  welding  spot  size  and  the  extremely  thin 
gold  foil  to  the  detector  performance  have  not  yet  been 
investigated  in  depth. 

Because  of  the  complexity  of  the  etching  process  it  is  not 
useful  to  integrate  it  into  the  detector  production  process 
at  this  time.  The  process  could  give  improvements  where 
detector  response  time  is  the  most  crucial  parameter  for  a 
particular  application. 
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Abstract 

The  measurements  of  thermo-emf  were 
performed  on  sharp  PbTe  p-n  junctions 
with  doping  layer  depth  by  order  of 
diffusion  length  of  minority  carriers  an  the 
temperature  range  from  300  to  80K.  The 
barrier  thermo-emf  Vb  effect  results  in 
sharp  output  signal  increase  at  low 
temperature.  Moreover,  at  sign  of  Vb  is 
opposite  the  sign  of  volume  thermo-emf. 
The  barrier  thermo-emf  may  be  explained 
thermodiffusion  nonequal  ibrium  carriers 
and  its  separation  on  p-n  junction.  However 
the  difference  Vb  from  photo-emf  is 
opposite  sign  of  its  terms  at  n-  and  p-ranges. 
At  our  case  the  observation  of  Vb  became 
enabled  by  the  producing  AT  only  at  n- 

range  (the  absorption  of  short  laser  pulse  on 
free  carriers  at  surface  layer).  At  short 
pulse  (CO2  -  laser  X  =  10.6  pm,  t  =  200 
nsec)  increase  of  out  put  signal  practically 
repeated  the  form  of  laser  pulse,  i.e. 
irradiation  absorption  of  free  carriers  and 
its  mteration  with  lattice  (  heat  of  phonon 
system)  is  acting  without  inertion.  At  same 
time  we  observed  very  slow  decreasing  in 
signal  V  ( usee  and  more)  after  switch  off, 
connecting  with  inertion  of  phonon  system 
cooling.  This  memory  effect  of  V  differs 
from  response  of  photo-emf  and  may  be 
very  useful  for  concrete  applications  (for 
example  measurement  of  power  for  short 
laser  pulse). 


0-7803-3221-0/96  $4.00  ©1996  IEEE 


I.  Introduction 

The  interest  to  the  problem  of  the 
thermoelectric  phenomena  at  p-n  junctions 
is  still  great  now  though  first  studies  of  the 
influence  of  the  carrier  injection  on  a 
thermoelectric  power  (thermo-emf)  were 
published  in  early  60s[l].  This  can  be 
explained  by  searching  for  ways  of  essential 
increase  of  the  thermoelectric  power  on 
the  one  hand  and  by  the  latest  technology 
achievements  in  microelectronics  on  the 
other  hand.  Most  of  works  in  this  field  deal 
with  different  specific  cases,  we  think  the 
time  has  come  for  more  general  approach  to 
the  problem  of  thermoelectric  properties  of 
p-n  junctions.  In  this  case  the  very  difficult 
problem  is  to  separate  volume  and  barrier 
thermoelectric  power. 

In  the  present  paper  we  took  p-n  junction, 
produced  by  ion  implantation  method.  The 
depth  of  p-n  junction  is  not  more  5  pm, 
therefore  the  influence  of  barrier 
thermoelectric  power  in  the  total  power 
may  be  significant.  The  temperature 
gradient  came  about  as  the  result  of 
absorption  of  pulses  of  laser  radiation.  For 
producing  sharp  temperature  difference  we 
used  the  classical  thermoelectric  materials 
which  have  low  heat  conductivity  k,  as  such 
material  PbTe  has  k  on  the  order  -  2- 1 0-2 

W/cm-K  at  T=300K.  Moreover  this  material 
has  high  absorption  on  free  carriers 
(electron  density  more  than  1018cnr3)  and 
high  electron  and  hole  mobility.  At  low 
temperatures  (T<200K)  we  discover  the 
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sign  change  and  increase  in  absolute  value 
of  the  output  signal  V  of  thermoelectric 
power,  which  is  connected  with  appearance 
of  barrier  thermo-emf  Vb  making  the 
primary  contribution  to  V.  Nature  of  Vb  is 
connected  with  diffusion  of  nonequiluibrim 
carriers  from  n-area  and  its  separation  on 
p-n  junction  (diffusion  length  of  holes  at 
80  K  =10  pm).  At  short  pulse(C02-laser  X 
=  10.6  pm,  t=  200  nsec)  increase  of  out  put 
signal  practically  repeated  the  form  of 
laser  pulse,  i.e.  irradiation  absorption  of 
free  carriers  and  its  iteration  with  lattice 
(heat  of  phonon  system)  is  acting  without 
inertion.  At  same  time  we  observed  very 
slow  decreasing  in  signal  V(psec  and  more) 
after  switch  off,  connecting  with  inertion  of 
phonon  system  cooling  (heat  conductivity 
flux).  This  memory  effect  of  V  differs 
from  response  of  photo-emf  and  may  be 
very  useful  for  concrete  applications  (for 
example  measurement  of  power  for  short 
laser  pulse). 

II.  Experimental  results 

The  single  crystals  of  p-  type  PbTe  were 
investigated.  Hole  density  at  80  K  was  (1- 

2)- 1018  cm-3.  Being  polished  the  samples 
were  implanted  by  intense  Zn  ion  beam  at 
energy  150  keV  in  a  [100]  direction  without 
heat  treatment.  In  this  case  ion  implantation 

with  large  doses( maximum  7=2103pC/cm2) 
of  Zn  is  accompanied  by  the  formation  of 
the  point  defects  (for  the  most  part,  Te 
vacancies),  which  determine  the  properties 
of  implanted  layer  [2  -  4],  The  depth  of  its 
penetration  in  the  host  crystal  is  more 
higher  than  for  implanted  ions.  These 
defects  are  very  stable,  after  ion 
implantation  the  upper  (doping)  layer  has 
electron  type  of  conductivity.  The 
stabilization  of  electron  density  at  the  value 
is  caused  by  formation  of  quasical  energy 
level  of  Te  vacancies  in  conduction  band 
of  PbTe  [5  -  7],  For  maximum  implantation 


dose  7  =  21 03  pC/cm2  concentration  N  of 
Zn  at  surface  layer  (the  thickness  d  =  0.1 

pm)  is  order  lT021cnr3.  We  can  assume 
every  implanted  ion  produced  one  Te 
vacancy  on  the  length  of  its  pass  (mass  of 
Te  atom  is  small  as  compared  to  that  of 
Pb).  Each  Te  vacancy  produces  two 
electrons  At  these  concentration  N  the  level 
of  Te  vacancies  is  practically  filled  with 
electrons  and  low-temperature  Fermi  level 
coincides  with  this  level  (pinning  of  Fermi 
level)  [8],  For  special  preparing  specimens 
(wedge  form)  we  determined  the  depth  of 
p-n  junction  (layer  of  n-type  conductivity). 

For  dose  from  7  =  400  to  2103  pC/cm2 
depth  of  p-n  junction  increases  from  1  to  5 
pm.  Such  depth  of  doping  layer  is 
connected  with  mechanism  of  radiation 
induced  diffusion  of  defects  in  sample.  The 
diffusion  coefficient  D  of  Te  vacancies  at 
ion  implantation  is  more  higher  than  for 
standart  diffusion  and  D  can  achieve 
10-12  cm2/sec. 

The  current  -  voltage  ( T  -V  )  characteristics 
of  fabricated  structures  are  shown  in  Fig.  1 . 


!,  mA 


Fig.  1 .  Voltage-current  characteristics  of  p-n 
PbTe  structures. 

It  is  seen  that  at  room  temperature  the 
asymmetry  of  these  characteristics  is 
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asymmetry  of  these  characteristics  is 
negligible.  Only  at  high  bias  voltages  the 
tendency  towards  saturation  of  reverse 
current  is  observed.  Since  the  intrinsic 
carrier  concentration  in  PbTe  at  T=300K  is 

ni=l-1017cnr3,  potential  barrier  practically 
does  not  exhibit  and  such  structure  can  be 
considered  as  double  layer  (the  upper  n- 
layer  on  p-base).  When  temperature  is 
lowed  to  T  =  80  K  the  I-V  characteristics  of 
samples  become  typical  for  ordinary  p-n 
junction. 

These  structures  are  illuminated  with  CO2  - 
laser  pulses  (A.  =  10.6  pm,  t  =  200  nsec)  on 
the  surface  of  n-layer.  Oscilloscope  traces 
of  photoresponse  at  constant  radiation 
power  at  T  =  300  K  with  upper  five- 
microns-  thick  n-layer  are  showed  in  Fig.  2. 


a-T0=3QOK 


Fig.2.  Oscilloscope  traces  of  response 
output  signal  U  at  constant  C02-laser 
radiation  power,  a)  T=300K,  b)  T=80K, 
1)-V(extemal  bias  voltage  =0.8,  2)  =0.3, 

3)  =0.  Dotted  line  -  laser  pulse. 

By  laser  radiation  signal  increases  and 
achieves  maximum  at  time  some  later  than 


time  of  laser  pulse  switch  off.  After  pick 
signal  drops  to  zero  such  slowly.  At  t  >  5 
psec  signal  changes  sign. 

Absolutely  different  picture  is  observed  at 
T=80K.  The  photoresponse  not  only 
changes  its  polarity,  but  also  increases  in 
peak  value  with  factor  more  than  20.  The 
time  dependence  of  photoresponse  pulse 
changes,  grows  more  rapidly  (almost 
perfectly  reproduces  laser  pulse)  and  drops 
to  zero  more  rapidly  than  it  was  at  300  K. 
Fig.3  illustrates  the  dependence  of  the  peak 
value  of  photoresponse  on  temperature. 


|Uph|.  mV 


Fig.3.  Temperature  dependence  of  negative 
(dark  dots)  and  positive  (light  dots)  pear 
values  of  photoresponce. 

Change  of  sign  signal  is  observed  at  T  = 
150K.  The  oscilloscope  traces  of 
photoresponse  at  different  values  of  CO2  - 
laser  radiation  power  were  shown  on  Fig.  4. 
It  is  seen,  that  at  T  =  300  K  photoresponse 
signal  increases  linearly  with  power. 

At  T  =  80  K  at  small  power  V(P)  is  given 
by  straight  line,  at  big  power  dependence 
V(P)  became  weak. 
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Fig.4.  Voltage-power  characteristics. 

Dark  dots-negative,  light  dots-positive  peak 

9 

values  of  output  signal.  P0  =  1  MW/cm 

III.  Discussion 

The  observed  results  cannot  be  explained  in 
the  simple  model  of  producing 
thermoelectric  power.  Therefore  we 
consider  the  experiment  more  detail. 
Absorption  of  pulses  of  laser  radiation.  In 
the  range  of  radiation  lying  at  the  edges  of 
fundamental  absorption  (for  PbTe  at  80  - 
300  K  L<4pm)  the  major  mechanism  is 
free-carrier  absorption.  For  carrier 

concentration  n  =  51018  cm-3  and  wave 
length  A>  1 0  pm  the  absorption  coefficient 
a  for  PbTe  is  of  magnitude  104  cm  _1  [9], 
According  to  Lambert' s  law,  the  amount  of 
absorbed  energy  in  the  layer  of  thickness  dx 
is  given  by 

N=No(l-R)e~axadx,  (1) 

where  No  is  the  incident  energy  density,  R 
is  the  reflection  coefficient  and  x  is  the 
distance  from  the  crystal  surface.  In  our 
case  in  the  order  to  decrease  to  reflection 


from  surface  of  the  crystal  we  applied 
special  coating.  It  is  assumed  that  R  is  close 
to  zero.We  can  think  the  full  absorption  is 
provided  on  the  depth  of  doping  layer. 

The  hot  electrons  lose  the  main  part  of  the 
energy  on  the  scattering  with  phonons.  This 
interactions  does  not  have  inertion, 
therefore  we  can  think  the  character  of  the 
lattice  temperature  is  the  similar  to  the 
absorbed  energy  dependence.  Therefore  we 
can  suggest  that  AT  is  only  in  n-layer  (upper 
layer  with  practically  constant  electron 
concentration  of  carriers). 

The  thermoelelectic  power  (thermo-emf)  at 
p-n  junction.  The  complete  thermo-emf 
includes  contributions  of  a  volume  emf 
Vv,  barrier  emf  Vb,  and  Benediks  emf  Vb. 
In  our  case  we  do  not  see  thermo-edf  on  " 
hot  carries  "  [10].  This  process  is  very  rapid 
and  disappears  when  the  laser  pulse 
switches  off. 

The  method  of  barrier  thermo-emf 
calculation  is  analogous  to  the  case  of 
barrier  photo-  emf,  but  is  more  enormous. 
The  system  of  fundamental  equations 
describing  the  development  of  an 
electromotive  force  across  p-n  junction  and 
the  passage  of  an  electric  current  can  be 
represented  by  equations  for  the  electron 
current  density  je  and  hole  current  density 
jh,  the  continuity  equations,  and  the  Poison 
equation  for  the  electric  field  intensity  E.  In 
the  one  dimensional  approximation 
assuming  that  at  each  point  x  the 
equilibrium  distribution  of  electrons  and 
holes  corresponds  to  the  lattice  temperature 
T(x),  we  write  these  equations  in  the  form 

jn=enpnE+eDndn/dx+npn(Qn**/T)dT/dx,(2) 
-dj  n/(edx)=g(x)-r(n,p),  (3) 

dE/dx=47ie(p-n+Ng-Na)/e.  (4) 
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Vv,  barrier  emf  Vb,  and  Benediks  emf  Vb. 
In  our  case  we  do  not  see  thermo-edf  on  » 
hot  carries  "  [10],  This  process  is  very  rapid 
and  disappears  when  the  laser  pulse 
switches  off. 

The  method  of  barrier  thermo-emf 
calculation  is  analogous  to  the  case  of 
barrier  photo-  emf,  but  is  more  enormous. 
The  system  of  fundamental  equations 
describing  the  development  of  an 
electromotive  force  across  p-n  junction  and 
the  passage  of  an  electric  current  can  be 
represented  by  equations  for  the  electron 
current  density  je  and  hole  current  density 
jh,  the  continuity  equations,  and  the  Poison 
equation  for  the  electric  field  intensity  E.  In 
the  one  dimensional  approximation 
assuming  that  at  each  point  x  the 
equilibrium  distribution  of  electrons  and 
holes  corresponds  to  the  lattice  temperature 
T(x),  we  write  these  equations  in  the  form 

jn=enpnE+eDndn/dx+npnfQn**/T)dT/dx,(2) 
-djn/(edx)=g(x)-r(n,p),  (3) 

dE/dx=4jte(p-n+Ng-Na)/e.  (4) 

Here  e,  jin,  n  and  Dn  are  the  charge, 
mobility,  concentration  and  diffusion 
coefficient  of  electrons,  Qn**  is  the  amount 
by  which  the  electron-transport  kinetic 
energy  exceed  the  mean  kinetic  energy,  p  is 
hole  concentration,  g(x)  is  generation 
function,  r  is  the  recombination  function, 
Ng  and  Na  are  the  concentrations  of  ionized 
donors  and  acceptors,  s  is  the  dielectric 
permitivity.  Equations  analogous  to  (2)  and 
(3)  can  be  written  for  holes,  with  the 
subscript  n  replaced  by  p. 

If  the  p-n  junction  is  in  thermal  equilibrium 
at  some  temperature  To,  the  number  go  of 
electron-hole  pairs  created  by  heat  in  unit 


volume  in  unit  time  will  be  compensated  by 
recombination,  i.e.,  ro  =  go.  If  a  temperature 
differential  with  a  sufficiently  high  gradient 
is  applied  to  the  junction,  nonequilibrium 
electron-hole  pairs  will  appear  within 
junction.  The  internal  field  of  the  junction 
separates  these  pairs  until  they  recombine. 
As  a  result  the  n-region  becomes  negatively 
charged  and  p-region  positively  charged. 
The  potential  barrier  of  the  p-n  junction 
decreases  by  an  amount  V  equal  to  the 
voltage  will  be  observed  in  the  external 
circuit. 

Let  the  temperature  of  the  n-region  be  equal 
to  T  ,  the  temperature  at  the  p-n  boundary 
be  To.  We  shall  assume  that  in  a 
semiconductor  the  main  mechanism  of 
recombination  is  direct  radiant 
recombination,  the  non-equilibrium-carrier 
concentration  being  small  in  comparison 
with  the  principal-carrier  concentration. 
Accordingly,  we  transform  the  right-hand 
side  of  (3): 

g(x)  -  r(n,p)  =  -  [  p  -  pon(T)  ]/xp  = 

Ap/xp+  G(x),  (5) 

where  pon(T)  and  xp  are  respectively  the 
equilibrium  concentration  at  temperature  T 
and  hole  lifetime  in  the  n-region,  Ap  =  p  - 
pon(T)  and  G(x)  plays  the  role  of  function 
describing  the  internal  generation  of 
carriers 

G(x)— [pn(T)-pn(To)]/xP.  (6) 

In  order  to  simplify  the  problem,  assuming 
that  the  thickness  d  of  the  n-region  is  small 
(of  the  order  or  less  of  magnitude  of  the 
diffusion  length  of  the  minority  carriers), 
we  replace  the  true  variation  of  the 
temperature  distribution  along  the  x-axis  by 
a  step  function:T(x)  =  T  at  d<x<0  and  T(x) 
=  To  at  x  >  0  (for  n-region  x  -  negative,  p- 
region  x  -positive).  Then  allows  us  1)  to 
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Here  e,  pn,  n  and  Dn  are  the  charge, 
mobility,  concentration  and  diffusion 
coefficient  of  electrons,  Qn**  is  the  amount 
by  which  the  electron-transport  kinetic 
energy  exceed  the  mean  kinetic  energy,  p  is 
hole  concentration,  g(x)  is  generation 
function,  r  is  the  recombination  function, 
Ng  and  Na  are  the  concentrations  of  ionized 
donors  and  acceptors,  e  is  the  dielectric 
permitivity.  Equations  analogous  to  (2)  and 
(3)  can  be  written  for  holes,  with  the 
subscript  n  replaced  by  p. 

If  the  p-n  junction  is  in  thermal  equilibrium 
at  some  temperature  To,  the  number  go  of 
electron-hole  pairs  created  by  heat  in  unit 
volume  in  unit  time  will  be  compensated  by 
recombination,  i.e.,  ro  =  go.  If  a  temperature 
differential  with  a  sufficiently  high  gradient 
is  applied  to  the  junction,  nonequilibrium 
electron-hole  pairs  will  appear  within 
junction.  The  internal  field  of  the  junction 
separates  these  pairs  until  they  recombine. 
As  a  result  the  n-region  becomes  negatively 
charged  and  p-region  positively  charged. 
The  potential  barrier  of  the  p-n  junction 
decreases  by  an  amount  V  equal  to  the 
voltage  will  be  observed  in  the  external 
circuit. 

Let  the  temperature  of  the  n-region  be  equal 
to  T  ,  the  temperature  at  the  p-n  boundary 
be  To.  We  shall  assume  that  in  a 
semiconductor  the  main  mechanism  of 
recombination  is  direct  radiant 
recombination,  the  non-equilibrium-carrier 
concentration  being  small  in  comparison 
with  the  principal-carrier  concentration. 
Accordingly,  we  transform  the  right-hand 
side  of  (3): 

g(x)  -  r(n,p)  =  -  [  p  -  pon(T)  ]/tp  = 

AP/xp+  G(x),  (5) 

where  pon(T)  and  tp  are  respectively  the 
equilibrium  concentration  at  temperature  T 


and  hole  lifetime  in  the  n-region,  Ap  =  p  - 
pon(T)  and  G(x)  plays  the  role  of  function 
describing  the  internal  generation  of 
carriers 

G(x)=[pn(T)-pn(To)]/xP.  (6) 

In  order  to  simplify  the  problem,  assuming 
that  the  thickness  d  of  the  n-region  is  small 
(of  the  order  or  less  of  magnitude  of  the 
diffusion  length  of  the  minority  carriers), 
we  replace  the  true  variation  of  the 
temperature  distribution  along  the  x-axis  by 
a  step  function :T(x)=T  at  d<x<0,  T(x)=To 
at  x>0  (for  n-region  x  -  negative,  p-region  x 
-positive).  Then  allows  us 

1) to  assume  that,  as  before,  the  p-n  junction 
is  approximately  in  a  state  of  thermal 
equilibrium  at  temperature  To, 

2)  to  take  dT/dx  =  0  in  (2), 

3) to  describe  the  presence  of  the 
temperature  gradient(consequently,  the 
existence  of  nonequilibrium  charge 
carriers)  with  aid  of  the  internal  generation 
function  G(x),  in  the  p-region  G(x)  =  0, 
while  in  the  n-region  G(x)  has  form  (6), 
with  T(x)  replaced  by  T.  We  note  that  such 
a  simplification  may  be  regarded  as  the 
result  of  expanding  the  expression  pon(T) 
from  formula  (6)  in  series  in  powers  of 

AT/T«1  and  keeping  the  first  term.  As  a 
result,  we  arrive  at  a  problem  analogous  to 
the  calculation  of  the  photo-  electromotive 
force  of  a  p-n  junction  under  isothermal 
conditions  in  the  presence  of  the  generation 
function  G(x).  In  this  case,  performing 
calculations  with  the  same  boundary 
conditions,  approximations  we  obtain  for 
current  density  the  usual  expression 

J=jP+Js(ev/k-l),  (7) 

jp=js(  1  +di/Lp)[(  1  +3  AT/To)eEgAT/kTo2.  jp) 

Here  js  is  the  saturation-current  density  with 
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reverse  bias  on  the  p-n  junction  (in  our  case 
saturation-current  is  essentially  determined 
by  holes  in  the  n-region),  jp  is  the  density  of 
the  short-circuit  current  corresponding  to 
the  collection  of  the  charge  from  the 
forward  layer  and  from  the  adjacent  space- 
charge  region  of  width  di,  Lp,  xp  and  pon  are 
diffusion  length,  life  time  and  equilibrium 
concentration  of  holes  in  the  n-region  at  T  = 
To  The  thermo-emf  of  the  p-n  junction  is 
obtained  from  (7)  with  j=0.  We  shall  define 
the  efficiency  coefficient  aeff  of  the  thermo- 
emf  as  follows: 

V=aeffAT  (9) 

Using  (8)  we  find  for  aeff  the  expression 
aeff  =  (kTo/e  AT)ln{  1  +  (1  +  di/Lp)[(l  + 

3AT/To)eEg AT/kTo2  .  1  ]}.  (10) 

In  the  general  case  the  value  of  aeff 
depends  on  Eg  and  AT.  However  the 
dependence  on  AT  is  weak.  For  small 
AT,  such  that  EgAT«kTo2  the  expression 
( 1 0)  can  be  written  as 

aeff=(k/e)(T+di/LP)(Eg/kTo+3).  (11) 

If  we  compare  aeffat  80  K  with  thermo-emf 
for  homogenic  material  ae(n=2  10,8cnr3 
absolute  magnitude  of  ae  is  not  more 
than  100  pV/K)  we  will  see  that  it  almost  at 
order  less  than  barrier  aeff 

The  time  dependence  of  thermo-emf  We 
noted  that  pulse  of  laser  irradiation  we  can 
describe  in  the  form  of  step.  Practically 
without  inertion  laser  pulse  warms  free 
electrons,  which  during  relaxation  time 
transmitted  energy  to  phonons.  Therefore  at 
this  time  temperature  of  crystal  lattice  T 


and  consequently  thermo-emf  repeats 
without  inertion  time  dependence  of  laser 
pulse.  Another  picture  we  must  observe  at 
switch  off  of  laser  pulse.  The  cooling  of 
crystal  lattice  and  falling  of  V  is  connected 
by  heat  conductivity  flux  from  surface  layer 
to  volume  of  crystal. 

Estimates  showed,  dropping  of  AT  in 

crystal  PbTe  with  low  heat  conductivity  (k 
is  practically  on  two  orders  less  than  for  Si) 
flows  very  slow  during  10-20psec. 

III.  Conclusions 

The  measurements  of  thermo-emf  were 
performed  on  sharp  PbTe  p-n  junctions 
with  doping  layer  depth  by  order  of 
diffusion  length  of  minority  carriers  an  the 
temperature  range  from  300  to  80  K.  The 
barrier  thermo-emf  Vb  effect  results  in 
sharp  output  signal  increase  at  low 
temperature.  Moreover,  at  sign  of  Vb  is 
opposite  the  sign  of  volume  thermo-emf. 

The  barrier  thermo-emf  may  be  explained 
thermodiffusion  nonequal  ibrium  carriers 
and  its  separation  on  p-n  junction.  However 
the  difference  Vb  from  photo-emf  is 
opposite  sign  of  its  terms  at  n-  and  p-ranges. 
At  our  case  the  observation  of  Vb  became 
enabled  by  the  producing  AT  only  at  n- 

range  (the  absorption  of  short  laser  pulse  on 
free  carriers  at  surface  layer). 
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Abstract 

The  status  and  future  prospects  on  the 
development  of  thermoelectric  power  generation 
systems  utilizing  heat  from  the  municipal  solid 
waste  in  Japan  are  reviewed  in  this  paper.  Two  on¬ 
going  research  and  development  programs  related 
to  this  application  in  Japan  are  briefly  introduced. 
The  characteristics  of  heat  from  the  solid  waste 
processing  system  lead  to  the  peculiar  concept  of 
thermoelectric  power  generation  system.  The 
theoretical  and  experimental  studies  including 
small  scale  on-site  experiment  are  shown  to  discuss 
several  technological  problems  and  the  guideline 
for  the  development  of  such  systems. 

Introduction 

In  Japan  solid  waste  per  capita  was  discharged 
about  1.13kg/day  in  1991.  Total  amount  of  solid 
waste  from  domestic  affairs  was  about  5.12X106 
ton/year  in  1991.  It  was  1.25  times  of  the  mount  in 
1985.  The  increment  rate  is  gradually  increasing. 
72.5%  of  total  amount  of  solid  waste  is  burned, 
which  is  equivalent  to  3.43xl014  kJ/year  in  energy 
based  on  9240  kJ/kg  in  enthalpy  of  combustion.  The 
other  part  is  reclaimed  to  low  ground,  but  this 
processing  tends  to  be  restricted  from  the 
environmental  aspects  recently. 

About  2000  systems  of  more  than  50  ton/day  have 
been  in  operation  for  municipal  solid  waste 
management  in  Japan.  The  ratio  of  large  scale  unit 
processing  more  than  150  ton/day  is  about  22%.  The 


numbers  of  small  scale  units  of  several  tens 
kg/day  are  more  than  100,000.  The  numbers  of  the 
incinerators  will  increase  year  by  year. 

Figure  1  shows  the  annual  variation  of  the 
enthalpy  of  combustion  in  solid  waste  in  Tokyo, 
Yokohama,  and  Osaka.  The  ratio  of  solid  waste  of 
higher  enthalpy  is  increasing,  while  the  range  of 
enthalpy  of  combustion  is  becoming  wide.  Recently 
the  mean  value  for  high  grade  solid  waste  is  10,400 
kJ/kg,  while  that  for  low  grade  one  is  4,590  kJ/kg. 
These  data  indicate  that  the  combustion  gas 
temperature  fluctuates  hourly,  daily,  monthly  and 
seasonally.  The  range  of  combustion  gas 
temperature  is  from  873K  to  1433K.  Figure  2  shows 
a  typical  case  of  the  temperature  variation  at  the 
outlet  of  the  burner  for  a  large  scale  incinerator. 
The  temperature  changes  from  1433K  to  1243K  for 
one  hour  as  an  example{l}. 

O)  Osaka 


Fig.  1  The  annual  variations  of  enthalpy  of 
combustion  of  sloid  waste 
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Fig.2  Tempreture  variation  of  combustion  gas  for 
a  real  incinerator 


Economi zer 


Fig.3  Conventional  solid  waste  processing  system 
combined  with  power  generation  system 

Figure  3  shows  a  large  scale  system  configuration 
for  a  conventional  type  combined  with  a  Rankine 
cycle  power  generation  system.  The  municipal 
systems  of  more  than  50  ton/day  in  solid  waste  and 
in  continuous  operation  are  usually  equipped  with 
power  generation  system.  For  less  than  50  ton/day 
or  in  intermittent  operation  the  waste  heat  is  not 
used  for  the  production  of  electricity  but  for 
thermal  demand  such  as  swimming  pools  and  green 
houses. 

The  energy  conversion  efficiency  and  gross  power 
output  are  shown  in  Fig.4  {1}.  The  mean  efficiency 
is  5.24%  for  the  less  than  200  ton/day  systems,  and 
9.84%  for  more  than  200  ton/day  systems.  Recently 
the  energy  conversion  efficiency  for  new  and  large 
systems  is  higher  due  to  several  technological 
improvements  and  scale  effect.  The  total  capacity  of 
power  generation  systems  was  about  550  MWe  in 


1994. 

The  main  reasons  retarding  the  expansion  of  the 
utilization  to  generate  electricity  are  considered  as 
follows: 

1)  Combustion  gas  is  chemically  reactive. 

2)  Combustion  gas  temperature  fluctuates  widely, 
frequently,  and  rapidly. 

3)  The  operation  for  small  scale  systems  is 
intermittent. 

4)  The  capacity  of  most  of  systems  is  too  small  to 
equip  a  steam  power  generation  system. 

In  consideration  of  the  characteristics  of  heat  of 
combustible  solid  waste  resource  and  large  amount 
of  solid  waste  we  have  concluded  that  a 
thermoelectric  power  generation  system  has 
greatly  the  potential  adaptability  to  this  energy 
source.  It  is  not  said  too  much  that  for  a  small  scale 
incinerator  the  thermoelectric  power  generation 
system  is  not  alternative. 

In  this  paper  the  status  and  future  prospects  on  the 
development  of  the  thermoelectric  power 
generation  system  utilizing  heat  of  municipal  solid 
waste  in  Japan  are  reviewed. 

The  first  is  to  introduce  two  related  research  and 
development  programs  in  Japan  briefly.  The  second 
is  to  present  the  concept  of  a  thermoelectric  power 
generation  system  combined  with  a  solid  waste 
processing  system.  The  third  is  to  review  some 
theoretical  and  experimental  studies.  The  fourth  is 
to  discuss  about  the  technological  problems  and 
future  prospects  and  the  last  is  to  summarize  the 
results  of  this  survey. 


System  capacity  (ton/day) 


Fig.4  Energy  conversion  efficiency  for  various 
plants 
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Related  Projects  Summary 

The  national  project  titled  “  Research  on  Efficient 
Utilization  of  Waste  Energy  Such  As  Heat  of 
Combustible  Solid  Waste”  has  started  with  the 
special  coordination  funds  for  promoting  science 
and  technology  by  Science  and  Technology  Agency 
since  FY  1995  {2}.  The  term  will  be  six  years 
divided  with  two  phases  (  I  and  II  ).  More  than  10 
organizations-  industrial,  governmental  and 
academic  have  joined  in  it.  The  research  budget  in 
every  year  is  about  300  ‘  million  yen.  The  objective 
is  to  establish  the  technology  on  the  thermoelectric 
power  generation  system  recovering  heat,  which 
has  hardly  been  used,  to  improve  the  energy 
conversion  efficiency  for  local  energy  systems. 

The  major  research  items  consist  of  the 
followings. 

1)  Development  of  the  manufacturing  technology 
for  thermoelectric  power  generation  module 

2)  Development  of  system  technology  for  the 
applications  to  small,  middle  and  large  incinerator 
systems 

3)  Development  of  evaluation  technology  for 
various  types  of  thermoelectric  power  generation 
systems 

4)  Development  of  optimum  design  technology 

Another  national  project  entitled  “Waste 
Innovation  21st  Century  Project”  has  been 
promoted  by  Japan  Waste  Research  Foundation 
supported  by  the  Ministry  of  Health  and  Welfare 
since  FY1991{3}.  After  three-year  program  (Phase 

I),  it  has  been  in  Phase  II  since  FY  1995.  The 
objective  of  this  project  is  to  improve  the  energy 
conversion  efficiency  for  the  power  generation 
system  combined  with  a  solid  waste  processing 
system  due  to  vaious  ways  including  thermoelectric 
energy  conversion.  Phase  I  program  is  shown  in 
Table  1.  The  study  committee  chaired  by 
Prof.N.Hirayama,  Chiba  Institute  of  Technology, 
has  achieved  the  feasibility  study  including  small 
scale  experiments.  More  than  20  members  from 
private  sector,  university  and  municipal  office  have 
joined  in  this  committee. 

The  major  research  items  are  as  follows: 


1)  Development  of  tube  materials  for  a  super  heat 
boiler  to  produce  steam  of  higher  pressure  and 
higher  temperature  than  that  for  the  conventional 
incinerator. 

2)  Developments  of  the  improved  Rankine  cycle 
power  generation  system  due  to  combination  with 
fossil  fuel  fired  system. 

3)  Improvement  of  heat  recovery  and  heat 
utilization  by  means  of  thermoelectric  energy 
conversion  and  /or  heat  pump  technologies. 

In  this  project  a  small  scale  thermoelectric  power 
generation  experiment  was  carried  out  for  a  real, 
large-scale  solid  waste  processing  system. 


Table  1  Phase  I  program  of  Waste  Innovation  21st 
C  Project 


Research  Items'N^FY 

•?1  ‘92 

‘93 

1 .  R&D  on  Application  of  Conventional  Power  Technology 

to  Incinerator  System 

a.  Tube  Materials  for 

Investigation 

Superheat  Boiler 

labJe?t 

b.  Improvement  of 

Investiaation 

Demonstration 

Efficiency  due  to 

Conceptual  Design 

Combined  Cycle 

2.  Improvement  of  Heat  Recovery  &  Utilization 

a.  Thermoelectrics 

...  Investiaation 

&  Heat  Pump 

Conceptual 

Design 

Concept  of  Thermoelectric  Power  Generation 
System 

When  a  thermoelectric  power  generation  system  is 
considered  to  apply  to  the  solid  waste  processing 
system,  it  can  be  classified  from  the  view  points  of 
capacity,  energy  quality,  operating  mode,  location 
and  utilization  as  shown  in  Fig. 5.  The  peculiar 
points  for  this  system  are  the  characteristics  of  the 
heat  source  and  the  capacity  as  compared  with  RI 
thermoelectric  power  generator.  The  temperature 
of  combustion  heat  of  solid  waste  is  unstable  as 
mentioned  before,  and  the  capacity  is  very  large, 
that  is,  in  the  range  from  lOOkW  to  more  than 
lOOOkW.  These  peculiar  points  affect  the  design 
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method  and  system  configuration.  The  types  of 
thermoelectric  power  generation  systems  are 
classified  as  shown  in  Fig. 6.  A  proper  type  should 
be  selected  in  due  consideration  of  the  given 
conditions  for  solid  waste  processing  systems  as 
shown  in  Fig.  3. 


♦FUELtREFUSE  ONLY 

lCOMBINEDr  COMBINED  WITH  NATURAL  GAS 
1  COMBINED  WITH  OIL 
♦SCALEtLARGE  >200TON/DAY 

MEDIUM  200-50TON/DAY 
■SMALL  <50  TON/DAY 
lMINI  -100KG/DAY 
♦QUALITYrHIGH  #*>12500  KJ/KG 
[MEDIUM-10000  KJ/KG 
•  LOW  -7100  KJ/KG 

♦OPERATION  MODEtCONTINUOUS 

•■INTERMITTENT 

♦SITEtNEAR  CITY 
•■REMOTE 

♦UTILIZATIONtHEAT 

[power  generation 

••HEAT  +  POWER 

Fig.5  Classification  of  solid  waste  processing 
system 


due  to  the  characteristics  of  thermoelectric  system. 
In  the  case  of  10%  in  thermoelectric  energy 
conversion  efficiency,  more  than  8.5  %  of  input 
thermal  energy  flow  can  be  obtained  in  electricity. 
For  the  200  ton/day  system  as  shown  in  Fig. 7,  1930 
kW  can  be  recovered.  The  solid  waste  processing 
system  requires  power  to  process  the  solid  waste. 
Figure  8  shows  the  relationship  between  the 
capacity  and  the  required  amount  of  power.  On 
the  average  5.5  kW/(ton/day)  is  needed.  It  is 
desirable  that  each  system  is  self-sustaining  from 
the  view  point  of  energy  by  the  installation  of 
thermoelectric  power  generation  system. 
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Fig.7  Thermal  energy  flow  for  a  typical  middle- 
scale  incinerator 
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Fig. 6  Classification  of  thermoelectric  power  & 
generation  system  installed  in  a  solid  waste  d 
processing  system  ^ 


Figure  7  shows  the  thermal  energy  flow  for  a 
typical  middle-scale  (200  ton/day)  incinerator 
which  has  1500kW  power  generation  system.  The 
available  heat  to  convert  to  electricity  by  Rankine 
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cycle  at  present(Line  A)  is  39%  of  overall  input 

energy.  In  the  future  it  might  be  possible  that  the  Fig.8  Auxiliary  power  for  solid  waste  processing 
available  heat  becomes  more  than  85%  (  Line  B) 
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Overview  of  Theoretical  and  Experimental  Studies 

The  conceptual  design  of  thermoelectric  power 
generation  system  embedded  in  the  furnace  wall  for 
a  lOOOkg/day  class  incinerator  has  been  carried  out 
{4}.  The  system  configuration  is  shown  in  Fig.9.  The 
size  of  a  furnace  for  a  small  scale  incinerator  can  be 
calculated  from  Eq.(l). 

Volume  of  a  Furnace=  H  G  /  Q  (1) 

where  H,G,and  Q  are  heat  of  combustion  (kJ/kg), 
processing  rate  (kg/s),  and  heat  duty  of  a  furnace 
(kW/m3)  respectively.  Heat  duty  of  a  furnace  is 
about  290  kW/m3  for  such  a  scale. 

In  the  case  of  200  kg/h  system,  the  volume  is  4.0  m3. 
The  available  surface  area  embedding 
thermoelectric  power  generation  module  was 
estimated  3.6  m2.  The  specifications  on  the 
thermoelectric  module  is  shown  in  Table  2.  As  the 
combustion  temperature  reaches  more  than  1173  K, 
Si-Ge  elements  were  used.  The  percentage  of 
available  heat  to  overall  input  thermal  energy  was 
assumed  25%,  the  system  energy  conversion 
efficiency  would  be  2.5%  based  on  10.1%  in 
thermoelectric  energy  conversion  efficiency.  The 
gross  power  output  was  estimated  23  kW,  while  the 
auxiliary  power  was  about  15kW.  The  power 
density  was  6.4  kW/m2  at  800  K  in  temperature 
difference  between  the  hot  side  thermoelectric 
element  and  the  cold  one. 


Fig.9  Configeration  of  small  scale  incinerator 


Table  2  Specifications  of  thermoelectric 
module 


TE  Material 

Si-Ge 

Fig.  of  Merit 

0.75x1 03  K-' 

TE  Leg  Hight 

32  mm 

Hot  Junction  Temp. 

1123  K 

Cold  Junction  Temp. 

323  K 

Temp.  Difference 

800  K 

Efficiency 

10.1  % 

Heat  Flux 

80.4  kW/m2 

Small  scale  experiment  on  thermoelectric  power 
generation  system  with  fin-plate  type  heat 
exchanger  has  been  carried  out  in  order  to  obtain 
the  design  data  for  a  waste  heat  recovering  system 
for  a  1000  kg/day  class  incinerator{5}. 

In  the  experiment  the  hot  air  which  was 
considered  to  be  heated  with  the  combustion  gas  as 
the  hot  side  source  and  water  as  the  coolant  were 
used.  The  hot  air  temperature  and  water 
temperature  were  403  K  and  293  K  respectively.  As 
the  temperature  range  is  low,  the  thermoelectric 
elements  could  be  used  101  couples  made  of  Bi-Te 
element,  which  was  the  most  efficient  at  present. 
The  configuration  of  the  thermoelectric  power 
generation  system  is  shown  in  Fig.  10. 


Coolant  Outlet 


Heat  Exchanger  Fin,, 
Outlet1 


Cooling  Plate 
TE  Module 


Exhaust  Gas  Inlet 


Fig. 10  Fin-plate  type  thermoelectric  unit 


The  electrical  characteristics  was  obtained  for 
various  hot  air  velocities  from  5  m/s  to  1  m/s  and 
various  coolant  velocities  from  0.5  m/s  to  0.25  m/s 
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as  the  parameters.  The  gross  power  output 
increases  with  the  hot  air  velocity,  which  requires 
additional  auxiliary  power.  In  this  case  the 
maximum  net  power  output  can  be  obtained  for  2- 
2.5  m/s  in  hot  air  velocity  at  403  K  in  hot  sir 
temperature  and  0.25  m/s  in  water  velocity.  The 
power  density  was  400  W/m2. 

On  the  basis  of  the  experiment  the  construction 
cost  and  power  generation  cost  were  estimated 
580,000  yen/kW  and  18.5  yen/kWh  in  the  case  of 
473  K  in  hot  air  temperature  respectively.  The 
overall  energy  conversion  efficiency  was  also 
estimated  3.5%. 

A  small  scale  on-site  experiment  using  60  W  class 
thermoelectric  module  was  carried  out  in  the  real 
incinerator  located  in  Yokohama. 

The  thermoelectric  module  made  by  Global 
Thermoelectric  Inc.,  (Thermopile  5060)  was 
installed  at  one  of  manhole  near  boiler  section. 
Thermopile  was  equipped  as  a  part  of  wall  through 
thermal  conducting  cylinder  made  of  stainless  steel 
mounted  in  a  durable  cemented  case. 

The  preliminary  experiment  was  achieved  during 
three  months  {6}.  The  time  variations  of  electrical 
performance  and  temperatures  at  various  points 
are  shown  in  Fig. 11.  It  took  about  24  hours  to  reach 
the  steady  state.  The  power  output  was  obtained 
46.81W  in  maximum  when  the  gas  temperature 
was  871  K.  Heat  duty  was  1.07  kW;  that  is,  heat 
flux  was  17.5  kW/m2.  The  energy  conversion 
efficiency  was  4.36%  based  on  the  heat  duty  to  the 
thermoelectric  module.  The  gas  temperature 
changed  from  823  K  to  973  K  frequently  and 
rapidly.  In  the  non-stop  run,  the  power  output  was 
suddenly  dropped  due  to  the  deposition  of  ash  and 
precipitation  on  the  surface  after  one  week. 

In  order  to  avoid  the  performance  degradation  due 
to  the  ash  deposition,  an  improved  experiment  was 
carried  out  by  NKK  group{7}.  In  the  experiment  ten 
minutes  air  blowing  per  day  was  operated  to  the 
manhole  surface.  The  stable  characteristics  could 
be  obtained  as  shown  in  Fig.  12.  It  can  se  said  that 
air  blowing  is  effective  to  keep  the  electrical 
performance  stable.  It  is  necessary  to  estimate 
optimum  air  blowing  conditions  such  as  flow  rate, 


interval  and  duration  in  consideration  of 
temperature  reduction  effect  and  additional 
auxiliary  power  for  a  practical  system. 


Fig.  11  Variation  of  thermoelectric  power 

generation  performance 


1000 

800 


o 


~600 
a> 

| 

«  400| 
a) 

f 


200 


Hot  June 

;tion  Temp. 

Temp.  Dil 

Efrence 

Air  Blowing 

] 

Cold  Junction  Temp. 

A  A — 1  4  1  J _ - 

Time(h) 

Fig.  12  Air-blowing  effect  on  the  performance 


One  dimensional  model  analysis  has  been  achieved 
in  SIT  to  design  a  large  scale  thermoelectric  power 
generation  system.  For  this  application  the 
available  temperature  range  is  very  wide  from  1300 
K  at  the  inlet  of  the  furnace  to  473  K  at  the  inlet  of 
gas  cleaning  system  equipped  at  the  end  of  the 
furnace.  As  the  solid  waste  is  burned  for  less  than 
atmospheric  pressure,  the  heat  transmission  is 
mainly  achieved  by  the  radiation  heat  transfer, 
which  is  very  sensitive  to  the  temperature 
difference  between  the  combustion  gas  and  the 
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furnace  wall.  Besides,  the  size  of  the  system  is  very 
large  as  compared  with  the  conventional 
thermoelectric  power  systems  such  as  RI 
thermoelectric  power  generator.  Therefore,  one  or 
two  dimensional  analysis  in  steady  state  and 
transient  state  have  been  needed  to  design  the 
practical  system  more  precisely.  As  the  first  stage, 
one  dimensional  model  taking  account  of  the 
temperature  dependencies  of  the  heat  transmission 
and  of  the  thermoelectric  properties  along  the  flow 
direction  has  been  developed  {8}. 

In  the  model  the  radiation  heat  transmission  was 
considered  to  be  dominant  as  compared  with  the 
forced  convection  heat  transmission  because  of  the 
low  heat  duty  combustion  in  low  pressure. 

For  heat  sink  side  the  indirect  air  cooling  system 
was  adopted,  and  each  unit  of  thermoelectric 
generator  was  supplied  with  the  cooling  fluid 
separately.  It  means  the  cold  junction  temperature 
constant. 

The  governing  equations  of  one  dimensional  model 
based  on  the  heat  balance  between  the  combustion 
gas  and  thermoelectric  power  generation  system  as 
follows: 

-GCl(dTa/di)=Bn  (  a  p.Tkl-l/ZI’R+KTk-Te )) 

=«nB(To4-Tk4 )  _ (3) 

where  G:  combustion  gas  flow  rate,  C:  specific  heat 
of  combustion  gas,  1:  generating  channel  length,  Tg: 
combustion  gas  temperature,  n:  number  of 

thermoelectric  couples  in  the  vertical  direction  to 
the  flow,  m:  number  of  thermoelectric  couples  in 
the  longitudinal  direction,  Th:  hot  junction 
temperature,  Tcicold  junction  temperature,  I: 

current,  R: 
internal 

resistance,  K: 
thermal 

conductance, B:r 
adiation  factor 
related  to 

Stefan 

Boltzmann’s  law, 
:  Seebeck 
coefficient,  and 


Table  3  Design  specifications 

Incinerator 

Solid  Waste 

200  ton/day 

Quality 

9600  kJ/kg 

Temp. 

1273  K 

Thermal  Power 

11724  kW 

j  Thermoelectric  Generator 

Channel  Size 

3mx3mxlOm 

Element  Size 

0.0 1  mxO.0 1  mxO.0 1  m 

TE  Material 

Pb-Te 

Fig.  of  Merit 

0.0015  K  ' 

Thermal  Cond. 

0.37  W/mK 

No.  of  TE  Pair 

300,000 

x  :the  coordinate  along  the  flow  direction. 

The  design  specification  is  shown  Table  3.  The 
temperature  profiles  along  the  flow  direction  are 
shown  in  Fig.  13.  The  parameter  is  the  temperature 
of  combustion  gas.  The  cold  junction  temperature  is 
assumed  330  K  constant.  The  summary  of  the 
results  is  shown  in  Table  4.  According  to  the 
analysis,  the  energy  conversion  efficiency  is  highly 
dependent  on  the  figure  of  merit,  and  is  relatively 
low  because  of  large  temperature  difference 
between  the  combustion  gas  and  the  hot  junction 
due  to  low  heat  transfer  performance.  If  we  could 
get  the  heat  transfer  performance  between  the  gas 
and  the  wall  by  two  times,  the  power  output  would 
be  1.48  times.  In  the  case  of  30m  in  generating 
channel,  the  power  output  is  1.35  times  of  that  for 
10m  long. 


Fig.  13  Temperature  profiles  along  the  flow 
direction 


Table  4  Power  output  and  energy  conversion 
efficiency  due  to  input  conditions 


Temp.  Figure  of 
(*C)  )  Merit(  K 

>••0  0.001 

•.••IS 
0.002 
0.0010 
»/T 

001  0.001 

o.oois 
0.002 
O.OOIS 

i/r 


Power  Efficiency 
Output  (kW) 

000.0  1.T1 

T00.1  3.00 

040.0  4. IT 

H73.0  4.12 

1154.1  4.74 

432.fi  2.11 

ITl.fi  2. IS 

114. S  3.42 

TTfi.3  3. II 

T5S.4  3.77 
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Technological  Problems  and  Future  Prospects 

The  peculiar  points  of  the  thermoelectric  power 
generation  system  recovering  waste  heat  are 
summarized  as  follows: 

1)  The  temperature  range  is  wide:  that  is  from 
1300K  to  room  temperature. 

2)  The  temperature  of  the  heat  source  is  variable 
and  unstable. 

3)  The  combustion  gas  contains  ash  and  is 
chemically  reactive. 

4)  The  power  capacity  is  large,  and  total  numbers  of 
thermoelectric  element  are  huge. 

5)  The  main  mission  of  the  overall  system  is  to 
process  the  solid  waste  and  not  to  generate  electricity. 
The  technological  problems  are  caused  by  these 
peculiar  points.  These  can  be  discussed  from  the 

points  of  software  and  hardware. 

Concerning  the  former,  these  are  ; 

1)  to  determine  the  design  guideline  to  establish  the 
most  useful  thermoelectric  power  generation 
system  in  consideration  of  power  generating  cost 
and  the  environmental  conditions  such  as  heat  sink 
source  and  site. 

2)  to  select  the  power  conditions  (Power,  Voltage, 
Current)  of  an  unit  or  module  in  consideration  of 
reliability,  controllability  and  responsibility  and 
redundancy  of  the  system. 

Concerning  the  latter,  these  are  ; 

1)  to  develop  the  countermeasure  to  thermal  stress 
to  the  module  due  to  variation  of  heat  source  and 
start-up  and  shut-down  operation  such  as  stress- 
free  thermoelectric  module. 

2)  to  develop  the  countermeasure  to  the  chemically 
reactive  environment  and  the  deposition  of  fly  ash 
such  as  air  blowing  system. 

3)  to  develop  the  high  performance  .inexpensive 
thermoelectric  element  over  the  wide  temperature 
range  such  as  FGM(  Functionally  Graded 
Materials)  element. 

4)  to  develop  the  reliable  mass-productive 
fabrication  process  of  thermeoelectric  module  and 
unit. 


5)  to  develop  the  optimum  heat  exchanging  sub¬ 
system  for  both  hot  side  and  cold  side  because  the 
heat  flux  of  the  combustion  gas  is  very  low  and  also 
the  water  resource  as  the  coolant  is  limited. 

6)  to  establish  the  control  of  quality  and  quantity  of 
the  combustion  gas  for  the  incinerator  to  suppress 
the  variation  of  the  hot  junction  temperature. 

At  present  the  R&D  stage  of  this  application  is  that 
small  scale  experiments  and  conceptual  designs 
have  been  carried  out  and  also  the  national  projects 
have  been  started  in  Japan  as  mentioned  above. 
There  are  many  technological  problems  to  be  solved 
for  this  application. 

It  can  be  said  that  the  potential  market  size  is  very 
large  to  the  thermoelectric  technology  and  the 
thermoelectric  system  is  advantageous  to  this 
application  as  compared  with  other  power 
generation  systems. 

The  market  penetration  scenarios  of  this 
thermoelectric  system  are  considered  as  shown  in 
Table  5.  The  key  is  the  development  of  advanced 
thermoelectric  materials  and  low-cost,  high- 
reliability  mass-production  process. 

This  application  will  have  large  spin-off  effect  to 
other  waste  heat  sources  from  automobile, 
industrial  process  and  so  on. 


Table  5  Market  penetration  scenarios 


Generation 

Unit  Capacity 

TE  Materials 

Module  Technology 

1 

<  1000  kg/day 

Bi-Te 

Baseline 

(low  Temp.) 

II 

<  1000  kg/day 

Si-Ge 

Baseline 

(Pb-Te) 

(High  Temp.) 

III 

Middle 

Bi-Te 

Baseline 

<  10-50  ton/day 

Si-Ge 

improved 

Intermittent 

Pb-Te 

IV 

Middle 

Advanced 

Advanced 

materials 

Technology 

V 

Large  scale 

Advanced 

Advanced 

>  200  ton/day 

materials 

Technology 
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Summary  8.  T.Kajikawa  et  al, ’’Development  of  Thermoelectric 

Power  Generation  System  Utilizing  Heat  of  Solid 
The  characteristics  of  solid  waste  resource  as  the  Waste”, J.  of  Advanced  Science  (to  be  published  in 

energy  source  have  been  identified,  which  have  1996) 
lead  to  the  classification  of  thermoelectric  power 
generation  system.  For  the  national  project 
supported  by  Science  &  Technology  Agency  the 
R&D  program  includes  the  advanced  technology  for 
thermoelectric  materials  and  modules  ,and  also  the 
demonstration  test.  For  another  one  the  program 
aims  to  demonstrate  the  thermoelectric  system  by 
the  baseline  technology  for  a  real  incinerator 
system.  Small  scale  experiments  and  conceptual 
design  studies  have  been  carried  out  in  order  to 
obtain  the  basic  data  and  the  prospects.  The 
technological  problems  and  future  prospects  are 
summarized. 

In  conclusion,  the  thermoelectric  power  generation 
system  is  greatly  promising  and  advantageous  to 
the  application  to  the  recovery  of  heat  of 
combustible  solid  waste  as  compared  with  other 
power  generation  systems  by  means  of  peculiar 
characteristics  of  thermoelectricity. 
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Abstract 

The  supply  of  distant  electric  devices  that  can  not  be  con¬ 
nected  to  the  public  electricity  grid  for  reasons  of  cost,  waiting 
time  or  due  to  the  need  of  local  flexibility  has  been  a  major 
problem.  To  date,  the  power  supply  of  such  stand  alone  sys¬ 
tems  has  been  based  mainly  on  battery  buffered  fossil-fueled 
motor-generators.  Apart  from  the  consumption  of  limited 
fossil  fuel  reserves,  the  disadvantages  of  these  systems  include 
the  creation  of  noise  and  exhaust  gases,  the  constant  need  to 
obtain  fuel  and  -  most  important  -  the  high  amount  of  mainte¬ 
nance  and  repairs.  For  these  reasons,  and  due  to  the  progress 
on  regenerative  energy  conversion  made  in  the  last  decade, 
battery  buffered  photovoltaic  systems  are  used  more  and  more 
often.  Their  advantages  are  the  high  reliability  and  the  low 
cost  of  repairs.  But  far  away  from  the  equator,  where  solar 
radiation  is  very  low  during  the  winter,  large  photovoltaic 
generators  are  needed  to  guarantee  sufficient  reliability. 
Therefore  the  system  costs  are  high.  Another  disadvantage  is, 
that  the  batteries  lifetime  in  photovoltaic  systems  is  signifi¬ 
cantly  reduced  compared  to  the  lifetime  in  fossil  fueled  sys¬ 
tems. 

To  avoid  these  disadvantages,  the  photovoltaic  generator  can 
be  combined  with  fossil  fueled  power  generators.  And  here,  in 
the  medium  power  range  from  10  W  up  to  several  hundred  W, 
thermoelectric  generators  appear  to  be  particularly  qualified 
because  of  their  reliability  and  lifetime. 

In  the  following  paper  this  (so  called) 


solar  radiation  is  insufficient,  the  battery  takes  over  the  supply 
of  the  load.  If  the  battery  reaches  the  deep  discharge  limit,  the 
charge  controller  has  to  turn  off  the  supply  of  the  load  to  save 
the  battery.  In  this  case  the  main  objective  of  the  system,  the 
supply  of  the  load,  has  not  been  fulfilled  and  the  system  is  not 
reliable. 


The  reliability  of  the  system  is  determined  by  the  dimensions 
of  solar  generator  and  battery  compared  to  the  power  con¬ 
sumption  of  the  load.  The  dimensioning  of  these  components 
strongly  depends  on  the  temporal  distribution  and  the  annual 
total  of  solar  radiation  at  the  location  of  the  system  (fig.  2). 

In  regions  close  to  the  equator,  the  monthly  average  of  solar 
radiation  not  only  is  very  high,  but  remains  almost  constant 


»photovoltaic  hybrid  system«  will  be 
compared  to  an  purely  photovoltaic  sys¬ 
tem  on  the  basis  of  model  calculations 
starting  with  the  solar  radiation  situation 
on  the  earth’s  surface. 

Photovoltaic  Systems 
and  the  Winter  Gap 

The  essential  components  of  an  exclu¬ 
sively  photovoltaic  power  supply  are  the 
solar  generator  and  the  energy  storage, 
which  usually  is  a  lead  acid  battery  (fig. 

1).  During  daylight,  the  solar  generator 
supplies  the  load  and  -  if  solar  radiation  is 
high  enough  -  charges  the  battery  (if  it  is  Fig  -2  Monthly  average  of  solar  radiation  in  Ho  Chi  Minh  City  (Vietnam)  and 
not  already  full).  In  the  night  or  whenever  Freiburg  (Germany). 
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throughout  the  year.  A  continuous  load  of  e.g.  50  W  can  be 
supplied  reliably  by  a  solar  generator  with  about  550  W  rated 
power  size  and  a  battery,  which  must  be  able  to  bridge  over 
poor  weather  periods  of  up  to  8  days. 

In  high-latitude  regions,  the  monthly  average  of  solar  radia¬ 
tion  varies  strongly  throughout  the  year.  For  instance,  in  Cen¬ 
tral  Europe,  the  amount  of  solar  energy  incident  during  a 
winter  month  is  about  seven  times  lower  than  that  of  a  sum¬ 
mer  month.  This  is  called  the  »winter  gap  in  solar  radiation«. 
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Fig.  3  Monthly  energy  balances  for  an  exclusively  photovol¬ 
taic  power  supply  with  a  continuous  power  output  of  50  W  in 
Freiburg,  Germany. 

As  there  are  no  readily  applicable  and  reliable  forms  of  long¬ 
term  storage  for  electricity,  the  solar  generator  of  the  exclu¬ 
sively  photovoltaic  power  supply  needs  to  be  large  enough  to 
supply  the  load  during  a  typical  winter  day.  In  the  example  of 
supplying  a  continuos  load  of  50  W  with  a  theoretical  reli¬ 
ability  of  100%  at  a  location  in  Central  Europe,  a  solar  genera¬ 
tor  power  of  about  1900  W  is  necessary.  Although  this  ex¬ 


pensive  solar  generator  will  be  significantly  oversized 
throughout  spring,  summer  and  autumn  (fig.  3),  the  charge 
state  of  the  battery  is  close  to  the  deep  discharge  limit  in  the 
winter.  During  particularly  unfavorable  winter  weather  an 
uninterrupted  supply  of  the  electric  load  therefore  can  not  be 
guaranteed.  Also  the  low  state  of  charge  of  the  battery  during 
many  weeks  of  the  winter  strongly  affects  the  lifetime  of  the 
battery  due  to  recristalisation  processes  in  the  porous  elec¬ 
trodes. 

Hybrid  Systems  and  the  Auxiliary  Generator 

The  integration  of  an  auxiliary  generator  in  a  photovolatic 
system  allows  the  system  to  compensate  the  solar  deficit  in  the 
critical  winter  months;  the  size  of  solar  generators  therefore 
can  be  reduced.  These  systems  are  called  »photovoltaic  hybrid 
systems«  due  to  the  fact,  that  power  generation  depends  not 
only  on  solar  radiation,  but  can  also  utilize  an  auxiliary  gen¬ 
erator  on  demand. 

Apart  from  wind  generators,  which  can  not  guarantee  the 
compensation  of  the  winter  gap  at  many  locations,  fossil  fu¬ 
eled  generators  must  be  used  as  auxiliary  generators.  For  large 
systems  with  a  total  power  consumption  of  several  kWh  per 
day,  diesel  generators  are  usually  used  as  auxiliary  power 
supply.  This  type  of  hybrid  system  has  been  operated  for  a 
number  of  years  e.g.  in  remote  alpine  lodges,  where  connec¬ 
tion  to  the  public  electricity  grid  was  impracticable.  The  op¬ 
eration  of  the  generator  is  done  automatically  or  manually, 
maintenance  and  small  repairs  often  can  be  done  by  the  in¬ 
habitants.  But  experience  shows,  that  the  use  and  transport  of 
diesel  has  a  high  risk  of  pollution.  Therefore  gas  generators 
are  preferred  in  newer  systems. 

By  contrast,  an  auxiliary  generator  is  not  needed  for  small 
photovoltaic  systems,  because  the  absolute  size  of  the  solar 


Fig.  4  Block  circuit  diagram  of  a  hybrid  system  with  photovoltaic  and  thermoelectric  generators. 
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generator  is  rather  small,  even  if  it  is 
dimensioned  for  the  winter.  Examples  for 
such  systems  are  public  clocks,  emer¬ 
gency  phones  or  lighting  systems. 

Between  these  two  extremes  is  the  power 
range  of  e.g.  local  radio  transmitters, 
environmental  measurement  stations  or 
mobile  telephone  repeaters.  They  often 
operate  under  remote  control  at  isolated 
sites  and  have  to  be  autonomously  sup¬ 
plied  with  electricity.  The  average  power 
consumption  of  many  of  these  systems  is 
between  50  W  and  300  W. 
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starts  per  year.  Apart  from  that,  even  the  Fig.  5  Automatic  energy  management  system  for  the  autonomous  supply  of  remote 
smallest  commercially  available  and  systems. 


automatically  startable  motor-generators 
are  overdimensioned  for  systems  of  this  size. 

On  the  other  hand,  the  exclusively  photovoltaic  system  repre¬ 
sents  a  high  cost  burden  due  to  the  large  photovoltaic  genera¬ 
tor,  that  is  needed  to  compensate  the  winter  gap  at  locations 
far  away  from  the  equator.  Here,  the  combination  of  the  pho¬ 
tovoltaic  power  supply  with  an  auxiliary  thermoelectric  gen¬ 
erator  (TEG)  offers  a  less  expensive,  reliable  and  environmen¬ 
tally  acceptable  alternative  (fig.  4). 

Of  course  systems  like  telecommunication  repeaters  can  not 
be  operated  manually.  Therefore  the  hybrid  system  needs  to 
have  a  so  called  intelligent  energy  management  system« 
(EMS)  (fig.  5)  which  has  the  objective  to  turn  the  thermoelec¬ 
tric  generator  on  and  off,  so  that  the  load  is  sufficiently  sup¬ 
plied  throughout  the  year  using  a  minimum  amount  of  fuel. 
The  second  objective  of  this  microprocessor  controlled  EMS 
is  to  regulate  the  state  of  charge  of  the  battery  in  order  to 


2000  W  solar  generator 


Ho  Chi  Minh  City, 
8  day  battery 

Freiburg, 

8  day  battery 


increase  the  lifetime  of  the  battery.  Further  features  like  auto¬ 
matic  component  test,  observation  of  the  operation  of  the  load 
and  measurement  of  the  fuel  reserve  also  can  be  implemented. 

Solar  Fraction 

The  fraction  of  the  annual  energy  consumption  of  the  load, 
that  is  supplied  by  the  TEG,  strongly  affects  the  solar  genera¬ 
tor  size  needed  for  100%  reliability  of  supply.  If  this  fraction 
is  e.g.  only  10%  and  if  the  TEG  is  switched  on  and  off  at  the 
appropriate  times  by  the  EMS,  the  solar  generator  size  can  be 
reduced  by  2/3  as  compared  with  an  exclusively  photovoltaic 
powered  system  (fig.  6).  This  represents  a  significant  cost 
advantage.  Updating  the  example,  the  reliable  »hybrid«  sup¬ 
ply  of  a  continuous  load  of  50  W  at  a  location  in  central 
Europe  requires  a  solar  generator  of  about  550  W  in  combina¬ 
tion  with  an  eight-day  battery  and  a  120  W  TEG.  The  addi¬ 
tional  demand  of  electricity  would  be  about  42  kWh  per  year 
and  could  be  met  with  about  100  kg  of  gas  (propane/butane). 
Due  to  the  existence  of  the  auxiliary  generator  in  this  system 
periods  of  bad  weather  now  can  be  compensated  using  the 
TEG.  Therefore  the  size  of  the  battery  can  be  reduced  to  one 
half,  which  allows  better  management  of  the  battery  and  in¬ 
creases  ist  lifetime.  In  this  case,  the  continuous  load  (50  W)  in 
the  example  before  could  be  supplied  by  a  4  day  battery  with 
a  solar  generator  of  830  W  and  the  120  W  TEG  using  60  kWh 
of  fossil  fuel  per  year. 


Freiburg, 

300  4  day  battery 


fraction  of  solar  supply  [%] 


Fig.  6  Size  of  solar  generator  versus  solar  fraction  of  supply  of 
a  load  (50  W,  constant)  in  Ho  Chi  Minh  City  and  Freiburg. 


Comparison  of  the  System  Costs 

The  costs  of  an  autonomous  power  supply  are  composed  of 
the  costs  for  initial  installation  and  the  yearly  costs  for  main¬ 
tenance,  fuel  and  writing  off  of  the  installation  in  its  lifetime. 

The  total  installation  costs  of  the  exclusively  photovoltaic 
system  ($  44000)  with  location  in  Freiburg  consist  of  the  cost 
of  the  8-day  battery  ($  4000),  its  housing,  charge  controller 
and  installation  ($  12000)  and  the  large  photovoltaic  generator 
(modules,  framework,  cabling  and  installation,  $  28000).  In 
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our  experience  the  battery  should  be  renewed  after  5  years  ($ 
800/y)  and  the  solar  generator  has  a  lifetime  of  more  than  20 
years  ($  1400/y).  This  gives  a  price  of  approximately  $  5/kWh 
plus  maintenance  costs. 

The  hybrid  system  has  a  much  smaller  photovoltaic  generator 
($  13000)  but  needs  a  TEG  in  addition  to  it  ($  4700).  The 
lifetime  of  the  smaller  battery  is  estimated  to  be  7  years  ($ 
285/y).  Due  to  the  smaller  size  of  the  solar  generator  its  writ¬ 
ing  off  is  reduced  too  ($  650/y).  The  estimated  lifetime  of  the 
TEG  is  at  least  20  y  ($  235/y).  The  fuel  consumption  of  the 
hybrid  system  adds  a  further  $  300/y.  The  refill  and  transport 
of  the  gas,  if  it  is  not  too  complex  and  can  be  done  together 
with  the  required  maintenance,  does  not  raise  the  costs  sig¬ 
nificantly.  So  the  price  of  electricity  in  this  case  is  about  $ 
3.35/kWh  plus  maintenance  and  transport  of  the  gas. 


Due  to  the  cost  of  fossil  fuel,  which  is  estimated  to  be  2 
US$/kg  because  of  the  small  amount  that  is  needed,  this  is 
even  lower  than  the  price  per  kWh  of  a  power  supply,  that  is 
totally  based  on  thermoelectric  generators  or  on  rankine  gas 
generators  (tab.  1).  Only  if  gas  is  very  inexpensive,  for  in¬ 
stance  as  it  is  close  to  gas  pipelines,  these  exclusively  fossil 
fueled  systems  would  be  the  better  choice. 

The  result  of  this  calculation  shows,  that  far  away  from  the 
equator  autonomous  hybrid  power  supplies  are  a  financially 
attractive  alternative  to  exclusively  photovoltaic  systems  on 
one  side,  and  to  pure  fossil  powered  systems  on  the  other.  If 
transport  of  the  gas  is  very  complicated,  the  exclusively  pho¬ 
tovoltaic  system  has  the  lowest  costs,  but  still  will  not  achieve 
the  same  safety  of  supply  as  the  hybrid  system  with  its  two, 
independent  sources  of  energy. 
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Fraunhofer  |nstitot 

Solarc  Energiesysteme 

Pure  Photovol¬ 
taic  System 
(Simulation  for 
Ho  Chi  Minh 
City) 

Pure  Photovol¬ 
taic  System  \ 
(Simulation  for 
FVeiburg) 

Hybrid  System 
(Simulation  for 
Freiburg) 

Fossil  Fueled 
System:  TEG 
with  battery 
(Calculation) 

Fossil  Fueled 
System:  TEG 
Without  battery 

(Calculation) 

Fossil  Fueled 
System: 

Rankine- 

Machine 

(Simulation) 

General  Parameters 

location  . .. 

Ho  Chi  Minh 

Freiburg,  Ger- 

Freiburg,  Ger- 

City,  Vietnam 

many 

many 

battery 

9.6  kWh  (8  day) 

9.6  kWh  (8  day) 

4.8  kWh  (4  day) 

4.8  kWh  (4  day) 

4.8  kWh  (4  day) 

charge  efficiency 

80% 

80% 

80% 

80% 

80% 

lifetime  in  system 

6  years 

<  5  years 

>7  years 

>  8  years 

>8  years 

(experience) 

(experience) 

:  :  Solar  generator 

550  W 

1900  W 

830  W 

lifetime 

20  years 

20  years 

20  years 

fossil  fueled  generator 

TEG  120  W 

TEG  120  W 

TEG  50  W 

Rankine  600  W 

efficiency 

4% 

4% 

4% 

<10% 

fuel 

propane/butane 

propane/butane 

propane/butane 

propane 

lifetime 

20  years 

20  years 

20  years 

30  years 

load  : 

50  W  const. 

50  W  const. 

50  W  const. 

50  W  const. 

50  W  const 

50  W  const. 

reliability  of  supply 

99% 

99% 

99.9  % 

99% 

99% 

99% 

Electric  Energy 

■ 

load  consumption 

438  kWh/y 

438  kWh/y 

438  kWh/y 

438  kWh/y 

438  kWh/y 

438  kWh/y 

photovoltaic  total 

731  kWh/y 

2446  kWh/y 

800  kWh/y 

used 

520  kWh/y 

515  kWh/y 

450  kWh/y 

fossil  total 

60  kWh/y 

605  kWh/y 

438  kWh/y 

660  kWh/y 

hours  of  operation 

ca.  600  h/y 

ca.  5150  h/y 

ca.  8760  h/y 

ca.  1 1 00  h/y 

fuel  consumption 

ca.  150  kg/y 

ca.  1 260  kg/y 

ca.  905  kg/y 

ca.  807  kg/y 

Propane/Butane 

Propane/Butane 

Propane/  Butane 

Propane 

Initial  Costs 

system  (housing  etc.) 

12000  US$ 

12000  US$ 

12000  US$ 

12000  US$ 

12000  US$ 

12000  US$ 

battery 

4000  US$ 

4000  US$ 

2000  US$ 

2000  US$ 

2000  US$ 

solar  generator 

8100  US$ 

28000  US$ 

13000  US$ 

(^framework  etc.) 

fossil  fueled  generator 

4700  US$ 

4700  US$ 

3000  US$ 

>50000  US$ 

Operating  Costs 

maintenance 

1/summer 

1/summer 

1 /summer 

1 /summer 

1/summer 

1/summer 

fuel 

300  US$/y 

2500  US$/y 

1800  US$/y 

1600  US$/y 

writing  off  on  lifetime 

battery 

670  US$/y 

800  US$/y 

285  US$/y 

250  US$/y 

250  US$/y 

generators 

405  US$/y 

1400  US$/y 

885  USS/y 

235  US$/y 

150  US$/y 

1660  US$/y 

Price  of  I  kWh 

2.45  US$ 

5  US$ 

3.35  US$ 

6.8  US$ 

4.45  US$ 

8  US$ 

+  maintenance 

+  maintenance 

+  maintenance 

+  maintenance 

+  maintenance 

+  maintenance 

+  transport 

+  transport 

+  transport 

+  transport 

Tab.  1  Comparison  of  energy  consumption  and  costs  of  exclusively  photovoltaic  systems,  the  hybrid  system  and  three 
fossil  fueled  alternatives. 
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Fig.  7  Picture  of  the  experimental  hybrid  system  on  the  testing  ground  of  the  Fraunhofer  ISE 


Initial  Operating  Experience 

In  order  to  develop  the  system  technics  and  to  improve  the 
microprocessor  controlled  energy  management  (EMS),  an 
experimental  hybrid  system  has  been  set  up  on  the  testing 
ground  of  the  Fraunhofer  Institute  for  Solar  Energy  Systems 
ISE  in  Freiburg  (Germany)  in  1995  (fig.  7).  This  system 
supplies  a  load  (lamp)  of  18  W  continuously.  The  solar  gen¬ 
erator  has  a  size  of  270  W.  The  auxiliary  generator  is  a  TEG 
5030  of  Global  Thermoelectric  (Canada).  Its  rated  output 
power  at  12  V  is  21.5  W  but  has  been  increased  to  27  W  by 
redesigning  the  control  electronics  and  the  DC/DC  converter. 
Planning  of  a  further  system  to  supply  larger  loads  has  already 
begun. 

Initial  experience  shows,  that  even  simple  energy  manage¬ 
ment  systems  can  achieve  a  high  security  of  supply  but  do  not 
use  the  TEG  at  the  optimum  points  of  time.  So  the  develop¬ 
ment  of  an  EMS,  that  reduces  the  gas  consumption  of  the 
system  is  one  major  aim  of  this  experiment.  But  there  are 
more  possibilities  for  an  improved  system  management.  For 
example,  the  lifetime  of  the  batteries  not  only  can  be  increased 
by  control  of  complete  charging  and  gassing  but  also  by  the 
use  of  waste  heat  from  the  TEG  to  warm  up  the  battery  room. 

However,  it  has  also  become  evident  that  the  application  in 
hybrid  systems  results  in  new  demands  on  the  TEG  used. 
There  is  not  much  point  in  applying  photovoltaics  as  a  clean 
and  environmentally  acceptable  source  of  energy,  if  the  auxil¬ 
iary  generator  can  not  meet  high  standards  regarding  its  emis¬ 
sion  and  fuel  consumption.  Therefore,  after  improvement  of 
control  electronics  and  voltage  processing,  particular  attention 


will  be  paid  to  the  gas  burner  and  the  heat  transfer  to  conven¬ 
tional  thermoelectric  materials.  To  this  purpose  a  test  stand  is 
under  construction,  where  heat  transfers  can  be  investigated  in 
detail  under  well  defined  conditions.  Results  from  this  ex¬ 
periment  will  be  incorporated  in  a  computer  simulation,  with 
which  the  construction  of  the  TEG  and  the  boundary  condi¬ 
tions  for  the  gas  burner  can  be  optimized.  Drawing  on  the 
Institute’s  extensive  experience  in  the  construction  of  highly 
efficient  gas  burners,  the  aim  is  then  to  construct  a  reliable 
catalytic  burner  with  low  emissions  for  use  in  thermoelectric 
converters. 
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Abstract 

Since  1961,  the  United  States  has  flown  41  radioisotope 
thermoelectric  generators  (RTGs)  and  one  reactor  to 
provide  power  for  25  space  systems.  Thirty-eight  of 
these  nuclear  power  sources  on  22  space  systems  are 
still  in  space  or  on  other  planetary  bodies.  This  paper 
summarizes  the  design  and  power  performance  of  each 
of  the  basic  RTG  types  that  have  been  flown  which 
have  been  based  on  telluride  and  silicon-germanium 
thermoelectric  elements.  To  date  U.S.  radioisotope 
thermoelectric  generators  have  successfully  operated 
for  over  24  years  in  space.  These  RTGs  have  met  or 
exceeded  their  prelaunch  requirements  and  in  so  doing 
they  have  greatly  expanded  humanity’s  knowledge  of 
the  universe. 

Introduction 

Thermoelectrics  have  enabled  the  human  race  to  take 
the  first  exploratory  steps  into  the  outer  Solar  System 
and  beyond  into  interstellar  space.  By  virtue  of  having 
no  moving  parts  (including  no  moving  fluids) 
thermoelectric  elements  have  shown  themselves  to  be 
extremely  reliable  and  long-lived.  For  example,  the 
Pioneer  10  spacecraft,  which  has  left  the  Solar  System, 
has  been  operating  since  1972,  yielding  over  24  years 
of  productive  scientific  research  thanks  to  four  small 
radioisotope  thermoelectric  generators  (RTGs).  In  fact, 
thermoelectrics  have  shown  themselves  to  be  so  reliable 
that  all  U.S.  missions  involving  space  nuclear  power 
(whether  RTGs  or  nuclear  reactor)  have  relied  on 
thermoelectric  technology  for  the  conversion  of  the 
nuclear-generated  thermal  power  into  electrical  power 
[1,2,3].  The  only  approved  future  U.S.  mission 
involving  nuclear  power  (Cassini  mission  to  Saturn) 
will  also  rely  on  thermoelectric  technology. 

Table  1  summarizes  the  U.S.  space  systems  which  have 
used  nuclear  power  [2].  (The  early  RTGs  were 
designated  by  the  acronym  “SNAP”  which  stands  for 
Systems  for  Nuclear  Auxiliary  Power.  The 
odd-numbered  SNAPs  were  RTGs  and  the 
even-numbered  SNAPs  were  reactors.)  Because  of 
launch  vehicle  or  spacecraft  failures  unrelated  to  the 
power  source,  three  other  systems  (Transit  5BN-3, 
Nimbus  B-l,  and  Apollo  13)  were  not  able  to  complete 
their  missions.  However,  these  power  sources  did  meet 
their  safety  criteria  such  that  no  real  risk  was  posed  by 


the  mission  failure  [4].  In  general  it  can  be  stated  that 
space  nuclear  power  sources  have  been  used  because  of 
their  long  lifetimes;  their  relative  invulnerability  to 
external  environments  (such  as  planetary  radiation  belts 
and  Martian  dust  storms);  their  self-sufficiency  (no 
need  to  rely  on  external  sources  such  as  the  Sun);  high 
reliability;  and  their  capability  to  provide  high  power  in 
a  relatively  compact,  low-mass  system  [1,2,3]. 

The  following  sections  will  summarize  the  design  and 
power  performance  of  each  of  the  basic  RTG  types  that 
have  been  flown: 

Telluride  Thermoelectric  Technology 

•  SNAP-3B,  a  2.1-kg,  2.7-We  RTG  flown  on  the 
navigational  satellites  Transit  4A  and  Transit  4B 

•  SNAP-9A,  a  >25-We  RTG  flown  on  the 
navigational  satellites  Transit  5BN-1  and  Transit 
5BN-2 

•  SNAP-27,  a  >70-We  RTG  used  on  five  Apollo 
lunar  surface  missions  (Apollo  12, 14, 15, 16,  and 
17) 

•  SNAP-19B3,  a28-We  RTG  design  flown  on  the 
meteorological  satellite  Nimbus  III,  which  was 
then  varied  for 

•  SNAP-19,  a  41-We  RTG  design  used  on  the 
Pioneer  10  and  Pioneer  1 1  spacecraft 

•  SNAP- 19,  a  42-We  RTG  design  modified  for 
planetary  surface  use  on  the  Viking  Mars  Landers 
1  and  2 

•  TRANSIT  RTG,  a  35-We  RTG  used  on  the  Transit 
TRIAD  navigational  satellite 

Silicon-Germanium  Thermoelectric  Technology 

•  Multi-Hundred  Watt  (MHW)  (>150- We)  RTGs 
used  on  communications  satellites  LES  8/9  and 
planetary  explorers  Voyager  1  and  Voyager  2 

•  General-Purpose  Heat  Source  (GPHS)  RTGs  (-300 
We)  in  use  on  Galileo  and  Ulysses  and  planned  for 
the  Cassini  mission 

The  following  sections  will  briefly  describe  the 
different  thermoelectric  elements  used  and  then  show 
the  overall  power  versus  time  performance  of  each  of 
the  generators.  Factors  affecting  performance  (such  as 
decay  of  the  plutonium-238  radioisotope  fuel, 
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thermoelectric  dopant  precipitation,  and  thermoelectric 
conductivity  changes)  will  be  discussed. 

The  general  technology  trend  for  each  of  these  RTG 
design  concepts  has  been  to  improve  generator 
performance,  efficiency,  and  specific  power.  This  has 
led  to  improvements  in  the  technology  of 
thermoelectric  materials,  from  the  telluride  (Pb-Te 
and/or  Ag-Sb-Ge-Te)  used  in  the  first  five  RTG 
concepts  to  the  silicon  germanium  (Si-Ge)  used  in  the 
MHW-RTGs  and  GPHS-RTGs.  It  will  be  shown  that 
their  performance  has  demonstrated  that  these 
thermoelectric-based  nuclear  power  sources  can  be 
safely  and  reliably  engineered  to  meet  a  variety  of 
space-mission  requirements. 

Telluride  Thermoelectric  Technology 

Five  different  RTG  designs  have  been  flown  based  on 
telluride  (Pb-Te  and/or  Ag-Sb-Ge-Te)  thermoelectric 
technology.  Lead  telluride  was  a  natural  choice  for  the 
early,  low-powered  missions  because  of  its  technical 
maturity  and  good  thermoelectric  properties  at  the 
lower  RTG  operating  temperatures  (<900  K)  employed 
on  these  missions. 

SNAP-3B  RTG  Design 

The  SNAP-3B  generators  (see  Figure  1)  were  the  first 
known  applications  of  nuclear  power  in  outer  space. 
The  SNAP-3B  RTGs,  which  were  an  outgrowth  of  the 
earlier  SNAP-3  program,  supplied  power  to  the  crystal 
oscillator  that  was  the  heart  of  the  electronic  system 
used  for  doppler-shift  tracking  in  the  Transit  4A  and 
Transit  4B  navigational  satellites  [5,6,7]. 

Each  SNAP-3B  generator  was  designed  to  provide  an 
initial  power  of  2.7  We  with  a  design  life  of  5  years  and 
within  a  mass  envelope  of  2.1  kg.  The  thermoelectric 
power-conversion  subsystem  consisted  of  27 
spring-loaded,  series-connected  pairs  of  Pb-Te  2N/2P 
thermoelectric  elements  operating  at  a  hot-junction 
temperature  of  about  783  K  and  a  cold-junction 
temperature  of  about  366  K.  (The  N  elements  were 
doped  with  lead  iodide,  and  the  P  elements  were  doped 
with  sodium.)  This  subsystem  had  a  power-conversion 
efficiency  on  the  order  of  5  to  6  percent.  Heat  losses 
were  minimized  through  the  use  of  Min-K  1301 
insulating  material.  The  Transit  4A  generator 
(SNAP-3B7)  operated  with  essentially  a  vacuum  inside 
it  to  minimize  conduction  heat  losses  through  the 
insulation.  The  Transit  4B  generator  (SNAP-3B8)  was 
filled  with  an  inert-gas  mixture  (krypton-hydrogen)  to 
suppress  the  sublimation  of  the  thermoelectric  materials 
and  to  minimize  the  leakage  of  oxygen  into  the 
generator  before  launch  [5,6,7]. 


Figure  2  shows  the  SNAP-3B  operating  data  which  was 
limited  by  telemetry  or  non-RTG  electrical  failures  on 
the  two  spacecraft.  Transit  4A  had  the  longest 
operating  life  of  any  satellite  launched  at  the  time  by 
the  U.S.,  operating  at  least  until  1976  [6, 7].  Transit  4B 
was  still  transmitting  signals  until  1971  [7].  Clearly 
RTGs  had  shown  that  they  were  feasible,  reliable,  and 
long-lived.  In  fact,  the  RTGs  performed  better  than  the 
solar  cells,  particularly  after  a  high-altitude  nuclear  test 
was  conducted  over  the  Pacific  on  9  July  1962  [7]. 

From  the  test  experience  with  the  SNAP-3B  and  later 
telluride  RTGs,  two  general  modes  for  the  degradation 
of  RTG  power  output  were  identified: 

1.  Outgassing  of  the  thermal  insulation  (water  from 
the  Min-K  insulation),  which  can  lead  to  oxygen  attack 
on  telluride  elements  and  bonds.  (The  Min-K 
insulation  can  also  experience  structural  instability 
caused  by  the  loss  of  impurities  during 
high-temperature  service.) 

2.  Increases  in  generator  internal  resistance,  which 
occur  when  the  sublimation  or  loss  of  thermoelectric 
material  at  the  hot  junction  leads  to  a  reduced  leg  cross 
section  and  hence  a  higher  contact  resistance. 

The  second  mode  was  judged  to  be  the  more  probable, 
especially  in  the  Transit  4A  generator,  which  had 
essentially  no  inert  fill  gas  [6].  Research  was 
subsequently  undertaken  to  minimize  the  magnitude  of 
these  degradation  modes. 

SNAP-9A  RTG  Design 

Whereas  on  Transit  4A  and  Transit  4B  the  SNAP-3B 
RTGs  were  essentially  auxiliary  power  sources 
supplementing  the  main  solar  power  sources,  a  major 
step  was  taken  in  1963  when  the  U.S.  Navy  launched 
the  Transit  5BN-1  navigational  satellite  which  obtained 
all  of  its  primary  power  from  an  RTG,  the  SNAP-9  A. 
The  RTG  approach  was  selected  because  RTGs  are 
inherently  radiation  resistant  in  contrast  to  the  solar-cell 
power  system  of  Transit  4B  which  had  been  adversely 
affected  by  the  1962  high-altitude  nuclear  explosion 
[6]. 

The  SNAP-9A  RTG  design  is  shown  schematically  in 
Figure  3.  Each  SNAP-9  A  was  designed  to  provide  25 
We  at  a  nominal  6  V  for  5  years  in  space  after  1  year  of 
storage  on  Earth.  Seventy  pairs  of  series-connected 
Pb-Te  2N/2P  thermoelectric  couples  were  assembled  in 
35  modules  of  two  couples  each.  The  hot-junction 
temperature  was  calculated  to  be  about  790  K  in  space 
at  the  beginning  of  life  (BOL).  The  corresponding 
calculated  cold-junction  temperature  was  450  K.  Argon 
gas  was  used  in  each  generator  to  inhibit  the 
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sublimation  of  the  thermoelectric  materials  and 
Min-K-1301  insulation  was  used  to  minimize  heat 
losses  [8]. 

The  power  performance  of  the  two  SNAP-9A  RTGs  is 
shown  in  Figure  4.  While  satellite  problems  prevented 
achieving  full  data  and  operation,  the  satellite 
manufacturer,  Johns  Hopkins  University  Applied 
Physics  Laboratory,  reported  that  Transit  “5BN-1 
demonstrated  the  extreme  simplicity  with  which 
thermoelectric  generators  may  be  integrated  into  the 
design,  not  only  to  provide  the  electrical  power  but  also 
to  aid  in  thermal  control”  [7].  (Some  waste  heat  from 
the  RTG  was  used  to  maintain  electronic  instruments 
within  the  satellite  at  a  temperature  near  293  K.) 

SNAP-19  RTG  Design 

Building  upon  the  SNAP-9A  development  program 
came  the  SNAP- 19  technology-improvement  program 
which  began  with  SNAP-19B  which  was  specifically 
designed  for  use  on  NASA’s  Nimbus  meteorological 
satellites.  Modifications  were  made  to  the  SNAP-19B 
design  to  power  NASA’s  Pioneer  and  Viking  missions. 
The  Viking  SNAP- 19  is  shown  schematically  in  Figure 
5.  The  Pioneer/Viking  telluride  thermoelectric  element 
is  shown  in  Figure  6. 

Nimbus/SNAP-19.  To  meet  the  deliverable  power 
requirement  of  50  We  after  one  year  in  orbit,  two 
SNAP-19B  RTGs  were  connected  in  parallel,  with  each 
RTG  in  series  with  its  own  DC-to-DC  converter.  In 
this  way  a  failure  of  either  generator  or  converter  would 
still  permit  the  radioisotope  power  system  to  operate  at 
half  power.  The  thermoelectric  elements  were  made  of 
cold-pressed  and  sintered  Pb-Te.  Each  RTG  thermopile 
consisted  of  90  Pb-Te  3P/2N  couples  distributed  in  six 
modules  of  three  parallel  rows  of  five  couples  each. 
The  modules  were  connected  in  series  and  enclosed  in  a 
magnesium-thorium  housing.  The  couples  were 
metallurgically  bonded  to  iron  shoes  and  maintained 
under  a  compressive  loading  of  some  89  N  by  means  of 
a  spring-and-piston  assembly.  Thermal  insulation  was 
provided  by  Min-K-1301  and  the  cover  gas  was  argon 
with  an  initial  fill  pressure  of  110  kPa.  The  cover  gas 
reduced  the  sublimation  of  the  Pb-Te  material  at  its 
operating  temperature  (800  K  hot  junction)  and 
minimized  the  diffusion  of  atmospheric  oxygen  into  the 
RTG  before  launching  [9]. 

The  power  performance  of  the  Nimbus  III/SNAP-19 
RTGs  is  shown  in  Figure  7.  The  two  RTGs  produced  a 
total  of  56.4  We  (49.4  We  usable)  at  launch  and  47  We 
one  year  later.  This  thermoelectrically  derived  power 
comprised  about  20  percent  of  the  total  power  delivered 
to  the  regulated-power  bus  during  that  time,  allowing  a 
number  of  extremely  important  atmospheric-sounder 


experiments  to  operate  in  a  full-time  duty  cycle.  The 
RTGs  maintained  the  total  delivered  power  above  the 
spacecraft  load  line;  without  them,  the  total  delivered 
power  would  have  fallen  below  the  load  line  about  two 
weeks  into  the  mission  [10]. 

While  the  Nimbus  III  flight  paved  the  way  for  NASA  to 
use  RTGs  on  its  planetary  missions,  the  power 
performance  of  the  SNAP-19B  RTGs  decreased  more 
rapidly  than  predicted  presumably  because  of 
gas-related  effects:  leakage  of  argon  from  the 
generator;  replacement  of  the  argon  by  helium  leaking 
from  the  fuel;  and  possible  release  of  oxygen  from  the 
plutonia-based  fuel  [9],  These  sources  of  degradation 
were  removed  in  subsequent  SNAP- 19  designs. 

Pioneer/SNAP-19.  As  noted  in  the  preceding 
section,  additional  improvements  were  made  in  the 
basic  SNAP- 19  design  to  meet  the  requirements  and 
expected  environments  for  NASA’s  Pioneer  Jupiter 
flyby  mission  [11,12]: 

•  A  TAGS-SnTe/2N  thermoelectric  element  was 
designed  to  provide  higher  efficiency  and  improved 
longer  term  power  performance.  (The  acronym  TAGS 
is  derived  from  the  names  of  its  major  constituents: 
tellurium,  antimony,  germanium,  and  silver.  TAGS  is  a 
solid  solution  of  silver  antimony  telluride  in  germanium 
telluride.  TAGS  is  an  undoped  inherent  “P”  material. 
The  particular  material  used  is  sometimes  referred  to  as 
TAGS-85,  and  it  had  a  thin  SnTe  segment  at  the  hot 
side.  The  N-leg  was  3M-TEGS-2N(M)  Pb-Te.) 

•  The  electrical  circuitry  was  modified  to  limit  the 
magnetic  field  from  the  RTG  to  very  low  levels. 

•  The  fill  gas  was  a  75:25  helium-argon  mixture,  and 
a  zirconium  getter  was  added  to  eliminate  any  oxygen 
in  the  RTG. 

•  With  the  exception  of  the  O-ring  seal  around  the 
RTG  electrical  connector  all  gas  leakage  paths  were 
removed  by  using  welds. 

Figure  8  shows  the  power  history  of  the 
Pioneer/SNAP-19  RTGs.  The  excellent  power 
performance  allowed  NASA  to  retarget  Pioneer  11  for  a 
flyby  of  Saturn.  Pioneer  10  was  the  first  spacecraft  to 
visit  Jupiter  (passing  within  42,800  km  -  the  closest 
pass  ever  achieved)  and  Pioneer  11  was  the  first 
spacecraft  to  visit  Saturn  (passing  within  20,900  km  of 
the  giant  planet).  Pioneer  1 1  continued  providing  data 

for  22  years  after  launch  out  to  over  6.4  x  109  km  from 
Earth  until  forced  to  shut  down  because  a  high-voltage 
relay  could  no  longer  be  activated.  Pioneer  10,  which  is 

now  about  9.6  x  109  km  from  Earth,  is  the  most  distant 


359 


15th  International  Conference  on  Thermoelectrics  (1996) 


object  built  by  humans  and  it  is  still  sending  back  data 
about  the  Sun’s  influence  in  deep  space.  Pioneer  10 
should  have  enough  power  to  continue  providing  data 
until  1999.  This  is  outstanding  performance 
considering  that  the  prelaunch  requirement  for  the 
Pioneer/SNAP-19  RTGs  was  to  provide  power  for  two 
years  in  space. 

Viking/SNAP-19.  The  SNAP- 19  design  was  again 
modified,  this  time  for  operation  on  the  surface  of 
Mars.  Each  of  the  two  Viking  Landers  carried  two 
series-connected  RTGs  for  the  primary  source  of 
power.  These  RTGs  powered  the  scientific  instruments 
and  recharged  four  nickel-cadmium  batteries.  The 
RTGs  also  supplied  the  Landers  with  thermal  power  to 
maintain  the  Lander  electronics  at  specified  operational 
temperatures.  Following  the  11-  to  12-month  cruise  to 
Mars  from  Earth,  each  RTG  was  to  produce  a  minimum 
of  35  We  during  the  90-day  mission  on  the  surface  of 
Mars  (the  primary  mission)  [13]. 

Among  the  modifications  to  the  Pioneer/SNAP-19  RTG 
design  was  the  addition  of  a  dome  reservoir  shown  in 
Figure  5  to  allow  a  controlled  interchange  of  gases  to 
minimize  heat-source  operating  temperatures  up  to 
launch  while  maximizing  electrical  power  output  at  the 
end  of  mission  [13].  The  Viking/SNAP-19  RTGs  also 
had  to  undergo  a  high-temperature  (400  K)  sterilization 
and  have  the  ability  to  withstand  the  thermal  cycling 
caused  by  the  rapid  and  extreme  temperature  changes  of 
the  Martian  day-night  cycle  [13]. 

The  power  history  of  the  Viking/SNAP-19  RTGs  is 
shown  in  Figure  9  [14].  All  four  RTGs  met  the  90-day 
requirement.  Both  Landers  successfully  operated  for 
several  years  in  an  extended  mission  mode.  Viking 
Lander  2  (VL-2)  was  inadvertently  shut  down  on  1 
February  1980,  causing  a  loss  of  RTG  data.  While  the 
continuous  operation  of  the  VL-2  relay  transmitter 
indicated  the  RTGs  were  still  operating  all  contact  was 
lost  when  the  last  Viking  Orbiter  depleted  its  propellant 
in  August  1980.  In  November  1982,  all  contact  with 
VL-1  were  lost  after  commands  had  been  sent  to 
change  the  battery  charging  cycle.  The  RTGs  on  VL-1 
were  capable  of  providing  sufficient  power  for 
operation  until  1994  —  18  years  beyond  the  mission 
requirement. 

Both  the  Pioneer  and  the  Viking  SNAP-19  RTGs 
demonstrated  the  operability  and  usefulness  of  RTGs  in 
interplanetary  spacecraft.  In  fact  neither  of  these 
missions  could  have  been  performed  as  they  were 
without  nuclear  power.  In  short  nuclear  power  was  an 
enabling  technology  for  these  missions.  All  of  these 
RTGs  performed  beyond  their  mission  requirements. 
The  principal  contribution  to  degradation  was  judged  to 
come  from  gas  effects.  It  is  evident  from  the 


outstanding  performance  data  obtained  from  the 
Pioneer  and  Viking  SNAP-19s  that  the  changes  made  to 
the  original  SNAP-9A  and  Nimbus/SNAP-19  designs 
significantly  minimized  the  degradation  effects 
experienced  in  these  earlier  RTG  designs. 

SNAP-27  RTG. 

To  power  the  experiments  of  NASA’s  Apollo  Lunar 
Surface  Experiments  Package  (ALSEP)  through  the 
long  lunar  day-night  cycle,  a  new  RTG  design,  known 
as  the  SNAP-27,  was  developed.  The  requirement  was 
to  provide  >  63.5  We  at  16  V  DC  one  year  after  lunar 
emplacement.  (In  the  case  of  Apollo  17,  the 
requirement  was  69  We  two  years  after 
emplacement.)[15]  A  schematic  of  the  SNAP-27  RTG 
is  shown  in  Figure  10. 

SNAP-27’s  thermoelectric  conversion  subsystem 
consisted  of  442  thermoelectric  couples  made  of  Pb-Te 
3N/3P  elements  arranged  in  two  series  strings  of  221 
couples  connected  in  parallel.  The  couples  were 
hermetically  sealed  in  the  converter  under  an  argon 
cover  gas  at  172  kPa  and  thermally  insulated  from  each 
other  by  powdered  Min-K.  Design  analysis  and  ground 
tests  indicated  that  the  hot-junction  temperature  was 
about  866  K,  and  the  cold-side  thermeoelctric 
temperature  was  maintained  at  about  547  K  in  the 
normal  operating  mode  (lunar  environment).  (The 
Apollo  12/SNAP-27  initial  data  indicated  a  lunar 
night-day  variation  of  about  855  K  to  890  K  at  the  hot 
junction  and  about  470  K  to  520  K  at  the  cold 
junction.)  [15] 

A  total  of  five  SNAP-27  RTGs  were  placed  on  the 
Moon  by  the  Apollo  astronauts.  The  performance  of  all 
five  SNAP-27  RTGs  is  shown  in  Figure  11  [16].  In 
each  case  all  of  the  RTGs  exceeded  their  mission 
requirements  in  both  power  and  lifetime.  Through  this 
performance  beyond  mission  requirements,  the 
SNAP-27  RTGs  enabled  the  ALSEP  stations  to  gather 
long-term  scientific  data  on  the  internal  structure  and 
composition  of  the  Moon,  the  composition  of  the  lunar 
atmosphere,  the  state  of  the  lunar  interior,  and  the 
genesis  of  lunar  surface  features.  All  five 
RTG-powered  ALSEPs  were  operating  when  NASA 
shut  down  the  stations  on  30  September  1977  for 
budget  reasons. 

TRANSIT  RTG. 

The  TRANSIT  RTG  was  developed  specifically  as  the 
primary  power  source  for  the  U.S.  Navy’s  TRIAD 
navigational  satellite.  Auxiliary  power  was  provided  by 
four  solar-cell  panels  and  one  6-Ah  nickel-cadmium 
battery.  The  power  requirement  on  the  TRANSIT  RTG 
was  to  provide  30  We  after  five  years  at  a  minimum  of 


360 


15th  International  Conference  on  Thermoelectrics  (1996) 


3  V.  A  12-sided  converter  (see  Figure  12)  was  built 
using  low-mass  Pb-Te  thermoelectric  panels  (“Isotec”) 
that  operated  at  a  low  hot-side  temperature  (673  K)  in  a 
vacuum,  thereby  eliminating  the  need  for  hermetic 
sealing  and  a  cover  gas  to  inhibit  the  sublimation  of 
thermoelectric  material.  Each  of  the  12  Isotec  panels 
contained  36  Pb-Te  2N/3P  couples  arranged  in  a 
series-parallel  matrix  with  four  couples  in  a  row  in 
parallel  and  nine  rows  in  series.  The  primary  insulation 
consisted  of  32  alternate  layers  of  aluminum  foil  and 
aluminum-opacified  quartz  paper  [17]. 

The  short-term  objectives  of  the  TRIAD  satellite  were 
demonstrated,  including  a  checkout  of  RTG 
performance;  however,  a  telemetry-converter  failure  on 
2  October  1972  caused  a  loss  of  further  RTG  telemetry 
data.  The  TRIAD  satellite  continued  to  operate  into  the 
1980s  by  providing  useful  magnetometer  data.  This 
showed  that  the  TRANSIT  RTG  is  a  dependable  power 
source. 

Silicon-Germanium  Thermoelectric  Technology 

The  use  of  high-temperature  Si-Ge  alloys  as 
thermoelectric  power-conversion  materials  was  a  direct 
outgrowth  of  spacecraft  requirements  for  higher  RTG 
power  levels  and  lower  RTG  masses.  To  a  first 
approximation,  telluride  alloys  can  be  used  to  about  900 
K  before  materials  properties  and  the  figure  of  merit 
become  concerns.  Si-Ge  alloys  can  be  used  to  about 
1300  K  and  offer  the  potential  of  higher  power  with  an 
improved  system  efficiency.  The  main  advantage  is 
that  Si-Ge  alloys  allow  the  cold-side  temperature  to  be 
raised  thereby  improving  heat  rejection  which  in  turn 
improves  the  specific  power  of  die  RTG.  Moreover, 
Si-Ge  RTGs  generally  do  not  require  an  inert 
atmosphere  for  space  operation  because  the 
temperatures  (<1300  K)  are  normally  below  those  at 
which  sublimation  presents  a  problem  to 
silicon-nitride-coated  Si-Ge.  (The  use  of  multifoil 
insulation  does  necessitate  sealing  the  RTG  under  an 
inert  atmosphere  on  Earth  to  protect  the  foil  against 
oxidation.  The  cover  gas  is  then  vented  once  the  RTG 
is  in  space.)  Two  different  Si-Ge  RTG  designs  have 
been  used  by  the  U.S.  in  space:  the  Multi-Hundred 
Watt  (MHW)  RTG  and  the  General-Purpose  Heat 
Source  (GPHS)  RTG. 

Multi-Hundred  Watt  (MHW)  RTG 


The  MHW-RTG  was  designed  to  accommodate  a  range 
of  missions.  MHW-RTGs  are  currently  in  use  on 
Lincoln  Experimental  Satellites  8  and  9  (LES  8/9), 
which  required  125  W  per  RTG  at  the  end  of  mission 
(EOM)  five  years  after  launch,  and  the  Voyager  1  and  2 
spacecraft  which  required  128  We  minimum  per  RTG 
at  four  years  after  launch.  The  design  of  the 


MHW-RTG,  shown  in  Figure  13,  involved  a  new  heat 
source  and  the  use  of  312  Si-Ge  thermoelectric  couples, 
called  unicouples.  Figure  14  is  a  schematic  of  the 
unicouple  which  is  used  in  both  the  MHW-RTG  and  the 
GPHS-RTG  [18], 

The  312  unicouples  are  arranged  in  24  circumferential 
rows,  each  row  containing  13  unicouples  individually 
bolted  to  the  outer  case.  The  overall  diameter  of  the 
MHW-RTG  was  39.73  cm,  and  its  length  was  58.31 
cm.  The  average  MHW-RTG  flight  masses  were  39.69 
kg  for  LES  8/9  and  37.69  kg  for  Voyager  1/2.  The 
design  hot-junction  temperature  was  1273  K  (hot-shoe 
temperature  1308  K)  with  a  cold-junction  temperature 
of  573  K.  The  MHW-RTGs  easily  met  their  original 
requirements  for  LES  8/9  and  Voyager  1/2.  All  four 
spacecraft  are  still  operating  over  19  years  after  then- 
launches.  As  a  result  of  this  extended  operation,  LES 
8/9  was  able  to  provide  communications  coverage  for  a 
number  of  Department  of  Defense  operations  and 
Voyager  2  was  sent  on  an  extended  mission  to  Uranus 
and  Neptune  becoming  the  first  spacecraft  to  visit  the 
outermost  two  gas  giants. 

During  and  after  the  MHW-RTG  development 
program,  a  number  of  analytical  and  experimental 
studies  were  undertaken  to  determine  the  long-term 
performance  of  the  MHW-RTGs.  In  addition  to  the 
obvious  decay  of  the  plutonium-238  fuel,  four  potential 
contributors  to  power  degradation  were  identified:  (1) 
dopant-precipitation  effects;  (2)  increases  in  the 
conductance  of  the  thermal  insulation;  (3)  degradation 
of  the  electrical  insulation;  and  (4)  carbon  dioxide 
effects  [18].  While  dopant  precipitation  provides  some 
contribution  to  the  early  decay  of  electrical  power,  the 
principal  contribution  to  the  decay  comes  from  the 
natural  decay  of  the  plutonium-238  radioisotope  used  in 
the  fuel.  The  successful  performance  of  the 
MHW-RTGs  led  to  the  selection  of  the  Si-Ge  unicouple 
technology  for  the  Galileo  and  Ulysses  RTGs  which  are 
the  largest,  highest  powered,  highest  specific  power 
RTGs  yet  flown. 

General-Purpose  Heat  Source  1GPHS1  RTG 

The  GPHS-RTG,  shown  schematically  in  Figure  15,  is 
designed  to  provide  at  least  285  We  at  beginning  of 
mission  (BOM).  (Actually,  at  the  time  of  fueling  the 
GPHS-RTG  can  provide  over  300  We.)  To  achieve  this 
power  the  GPHS-RTG  converter  contains  572 
unicouples  of  the  MHW-RTG  design  connected  in  a 
series-parallel  network.  Overall  diameter  of  the 
converter  with  fins  is  42.2  cm  and  the  length  is  1 14  cm. 
The  mass  of  the  GPHS-RTG  is  55.9  kg.  Three 
GPHS-RTGs  are  currently  operating  in  space:  two  on 
the  Galileo  spacecraft  and  one  on  the  Ulysses 
spacecraft.  Figure  16  shows  the  power  performance  of 
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all  the  Si-Ge  RTGs,  both  MHW-RTGs  and 
GPHS-RTGs.  To  date  these  GPHS-RTGs  have  met  all 
their  requirements  (especially  noteworthy  given  the 
Challenger-induced  launch  delays  of  both  spacecraft) 
allowing  Ulysses  to  complete  the  first-ever  polar 
exploration  of  the  Sun  and  Galileo  to  conduct  an 
extended  flight  through  the  inner  Solar  System  and  to 
reach  Jupiter  in  December  1995.  The  continuing  good 
performance  of  the  GPHS-RTGs  will  enable  Ulysses  to 
conduct  an  extended  mission  and  Galileo  to  conduct  its 
long-delayed  primary  mission  of  being  the  first  orbiting 
spacecraft  to  explore  Jupiter  and  its  principal  satellites 
[19].  The  continuing  successful  use  of  the 
GPHS-RTGs  on  Galileo  and  Ulysses  has  led  to  their 
selection  for  the  Cassini  mission  to  Saturn  which  has  a 
planned  1997  launch  date. 

Some  Observations  on  Power  Degradation 
Mechanisms 

There  are  only  a  few  causes  of  power  degradation  in 
RTGs.  One  that  is  inherent  to  all  of  them  is  the  gradual 
decrease  in  thermal  power  caused  by  the  natural 
radioactive  decay  of  the  radioisotope  fuel.  The  thermal 
power  loss  rate  is  approximately  0.8%  per  year  for 
plutonium-238  which  is  the  radioisotope  that  has  been 
used  in  all  U.S.  RTGs.  This  decay  is  independent  of  the 
thermoelectric  materials  used  in  the  RTG. 

A  second  mechanism  encountered  in  most  of  the  RTGs 
flown  is  sublimation  of  the  thermoelectric  material 
from  the  hot  end  of  the  thermoelectric  element  or 
couple.  This  sublimation  occurs  because  the 
thermoelectric  materials  are  operated  near  their  melting 
points  in  order  to  achieve  the  highest  practical 
efficiency.  However,  operating  at  such  high 
temperatures  results  in  rather  high  vapor  pressures  at 
the  hot  end  of  the  couple.  In  early  generators,  this  led 
to  “bullet-nosing”  of  the  legs  with  a  resulting  increase 
in  the  internal  resistance  of  the  device.  This 
phenomenon  has  been  effectively  eliminated  with  the 
Si-Ge  systems  through  the  use  of  a  silicon  nitride 
coating  that  covers  97%  of  the  couple’s  surface.  In  the 
telluride  systems,  a  combination  of  an  inert  cover  gas 
and  packed  astroquartz  fibers  around  the  legs  have 
greatly  reduced  this  mechanism,  although  not  entirely 
eliminating  it.  Fortunately,  by  the  time  that  these  fixes 
begin  to  lose  their  effectiveness,  the  hot-side 
temperature  has  been  reduced  sufficiently  as  a  result  of 
power  decay  from  the  plutonium-238  to  reduce  the 
vapor  pressure  of  the  legs  significantly,  further 
ameliorating  the  effects  of  this  mechanism. 

For  Si-Ge  couples  the  primary  degradation  mechanism 
is  related  to  dopant  precipitation  along  the  thermal 
gradient  of  the  legs.  This  mechanism  approaches  an 
asymptotic  limit  in  somewhat  over  five  years  of 


operation.  This  effect  causes  increases  in  Seebeck 
coefficients  and  electrical  resistivity,  and  a  decrease  in 
thermal  conductivity,  with  an  overall  decrease  in  power 
with  time. 

The  remaining  mechanisms  are  associated  with  the 
effectiveness  of  the  thermal  insulation  systems  in  the 
generators.  Added  heat  leaks  through  the  insulation 
mean  that  less  thermal  power  is  available  to  the 
thermoelectric  elements  for  conversion  to  electrical 
power.  As  mentioned  above,  cover  gases  have  been 
used  in  the  telluride  systems  to  minimize  sublimation. 
The  helium  gas  resulting  from  the  alpha-particle  decay 
of  the  plutonium-238  fuel  sources  is  vented  into  this 
cover  gas.  This  helium  degrades  the  effectiveness  of 
the  bulk  insulation  to  some  extent,  but  the  use  of 
strategically  placed  O-rings  leads  to  a  preferential  loss 
of  helium  over  the  argon  or  krypton  cover  gases, 
thereby  minimizing  the  power  loss  over  time. 

Since  the  Si-Ge  systems  utilize  vacuum  foil  insulation, 
the  helium  is  vented  to  space  and  therefore  causes  no 
problems  with  the  insulation.  However,  carbon 
monoxide  and  oxygen  from  the  heat  source  and 
astroquartz  fiber  spacers  can  eventually  oxidize  the 
molybdenum  foils,  reducing  their  reflectivity  and 
increasing  the  heat  loss  through  the  insulation.  All  of 
the  RTGs  since  the  Galileo  program  have  had  their  fuel 
processed  to  a  plutonia  stoichiometry  of  about  Pu01 98 

to  reduce  the  oxygen  vapor  pressure.  This  greatly 
minimizes  the  generation  of  carbon  monoxide  during 
operating  and  effectively  eliminates  the  oxidation 
problem. 

Concluding  Remarks 

As  has  been  shown,  the  thermoelectric  technologies 
used  in  U.S.  RTGs  from  SNAP-3B  to  the  GPHS-RTG 
have  met  or  exceeded  their  mission  requirements  by 
providing  power  at  about  or  above  that  required  and 
beyond  the  planned  mission  lifetime.  Thermoelectric 
conversion  has  not  only  enabled  the  successful 
operation  of  such  challenging  missions  as  Pioneers 
10/11,  Viking  Landers  1/2,  Apollo  lunar  surface 
experiments,  Voyagers  1/2,  Galileo,  and  Ulysses  it  has 
also  enabled  the  first  flight  of  a  space  nuclear  reactor 
(SNAP-10A  in  1965)  and  all  but  two  of  the  former 
Soviet  Union’s  space  nuclear  power  sources  [3]. 
Clearly  thermoelectric  conversion  has  enabled  a  range 
of  reliable,  long-lived  power  sources  that  in  turn  have 
enabled  a  range  of  challenging  space  missions  that  in 
many  cases  could  not  have  otherwise  been 
accomplished. 
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spacecraft. 

SNAP-1 9B3  2  28.2  W  Nimbus  III  14  Apr  1969  1070  x  1131  km  RTGs  operated  for  >2.5  years 

(Meteorological)  (WTR)  99.9°,  107  min.  (no  data  taken  after  that). 
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SNAP  stands  for  Systems  for  Nuclear  Auxiliary  Power.  All  odd-numbered  SNAP  power  plants  use  radioisotope  fuel.  Even-numbered 
SNAP  power  plants  have  nuclear  fission  reactors  as  a  source  of  heat.  MHW-RTG  stands  for  the  Multihundred  Watt  Radioisotope  Ther¬ 
moelectric  Generator.  GPHS-RTG  stands  for  the  General-Purpose  Heat  Source  Radioisotope  Thermoelectric  Generator. 

°Key  to  launching  stations:  ETR,  Eastern  Test  Range;  WTR,  Western  Test  Range;  KSC,  Kennedy  Space  Center. 


SNAP-generator 
load  voltage.  V 


Main-battery 
voltage.  V 


SNAP-generator  ^72 
outer-shell 

temperature.  °K  36I 

0  2  4  6  8  10  12  14  16  18 


Time  from  launch,  days 


Figure  1.  Schematic  of  the  2.7-We  SNAP-3B 
radioisotope  thermoelectric  generator  (RTG). 
The  overall  dimensions  were  12.1  cm  in 
diameter  by  14  cm  high  and  the  mass  was  2.1  kg. 


§ 


b 


§ 


Figure  3.  Schematic  of  the  >25-We  SNAP-9  A 
RTG.  The  overall  housing  dimensions  were  22.9  cm  in 
diameter  and  21.3  cm  high.  The  fin  span  was  5Q.8  cm. 
The  mass  was  12.3  kg. 


Figure  2.  SNAP-3B  operating  data  telemetered 
from  Transit  4A  (top)  and  Transit  4B  (bottom). 
Voltage  changes  resulted  from  load  switching. 

The  power  excursion  on  Transit  4B  probably 
resulted  from  a  capacitor  failure  (not  on  the  RTG). 
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Change  in  generator  load 
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Figure  4.  SNAP-9  A  power  performance  (smoothed 
data)  as  telemetered  by  Transit  5BN-1  (top)  and 
Transit  5BN-2  (bottom).  The  gap  in  the  Transit 
5BN-2  curve  reflects  the  period  when  data  were  not 
taken. 
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spacecraft 


Thermal 
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Heat  rejection  fins 


BONDING  WAFER 


Figure  5.  Schematic  of  the  42-We  Viking/SNAP-19 
RTG.  The  height  was  40.4  cm  and  the  housing 
diameter  was  16.8  cm.  The  fin  span  was  58.7  cm. 
The  mass  was  15.2  kg. 


Figure  6.  SNAP- 19  TAGS -8 5/2N  thermoelectric 
couple  configuration.  These  couples  were  used  in 
the  Pioneer  and  Viking  SNAP-19  RTGs. 


Figure  7.  Nimbus  EI/SNAP- 19  RTG  power  output  Figure  8.  Power  history  of  the  Pioneer/SNAP-19 

(smoothed  data).  RTGs.  (Smoothed  and  summed  data).  Data  are 

available  out  to  1995  (>22  years  after  launch). 


369 


15th  Internationa!  Conference  on  Thermoeiectrics  (1996) 


Power  output  W{e)  Power  output,  W(e)  Power  output  W(e) 


Time  from  Mars  landing,  years 


Figure  9.  Power  history  of  the  Viking/SNAP-19  RTGs. 
(Summed  and  smoothed  data.) 


Time  from  lunar  emplacement,  years 


Figure  10.  Schematic  of  the  >70-We  SNAP-27 
RTG.  The  converter  was  46  cm  high  and  40.0  cm 
in  diameter  (including  fins);  together  with  a  3-m- 
long  cable  plus  connector,  it  had  a  mass  of  12.7  kg. 
The  mass  of  the  fuel-capsule  assembly  without  the 
graphite  lunar  module  fuel  cask  was  about  7  kg. 
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Figure  11.  Power  histories  of  the  SNAP-27  RTGs. 
(Smoothed  data.) 


Figure  12.  Schematic  of  the  35-We  TRANSIT  RTG. 
The  distance  across  flats  was  61  cm  and  the  panel 
height  was  36.3  cm.  Including  the  heat-source  cage 
and  support  structure,  the  mass  was  about  13.6  kg. 
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Figure  16.  Power  histories  of  all  silicon-germanium  RTGs  (MHW-RTGs  on  LES  8/9  and  Voyagers  1/2)  and  GPHS- 
RTGs  on  Galileo  and  Ulysses.  For  comparison  purposes,  the  data  are  presented  in  terms  of  the  ratio  of  the  power  at 
each  time  to  the  initial  power  (Po).  Initial  powers  for  the  MHW-RTGs  ranged  from  about  153  We  on  LES  8/9  to 
about  158  We  for  Voyagers  1/2.  Initial  powers  for  the  GPHS-RTGs,  whose  launches  were  delayed  over  three  years, 
were  about  289  We  for  Galileo  and  Ulysses. 
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Abstract 

A  conventional  type  thermoelectric  module  based  on  Si2Ge 
has  been  made  for  power  use.  The  module  consists  of  10  pairs 
of  p-  and  n-type  Si2Ge  elements  in  which  B  and  P  were  doped 
(~1020cm3)  respectively.  The  elements  electrically  connected 
in  series  using  Mo  electrodes  are  sandwiched  between  AIN 
plates.  Each  plate  is  20mmx44mm  in  area,  and  the  height  of 
the  module  is  about  12mm.  The  power  generation  of  the 
module  was  evaluated  as  a  function  of  temperature  difference 
between  the  upper  (Tu)  and  the  lower  ( 1 j)  plates;  a  series 
circuit  including  the  module  and  a  reference  resistance 
(~0.5ohm,  comparable  to  the  electrical  resistance  of  the 
module)  was  used.  With  rising  Tu,  the  closed  circuit  current 
(/c),  the  voltage  drop  of  the  reference  resistance  (Fc),  and  the 
open  circuit  voltage  of  the  module  ( V0 )  were  measured. 
Maximum  power  calculated  from  Ic,  Vc  and  V0  was  about  1 .3  W 
at  Tu-7~400K  (TU~700K).  The  electrical  properties  of  Si2Ge 
elements  were  also  presented  as  well  as  the  detailed 
experimental  procedure. 

Introduction 

1)  A  General  Survey 

Besides  the  common  'energy  problem',  the  fact  has  strongly 
attracted  one’s  attention  that  almost  all  devices  consuming 
fossil  fuel  discharge  a  large  amount  of  unused  energy  (heat).  In 
the  case  of  automobile,  the  waste  heat  is  about  70%  of  a 
primary  energy  (gasoline);  consequently  the  energy  converted 
into  driving  force  is  about  30%.  Since  a  part  of  the  driving 
force  demands  generating  electrical  power  and  running  oil 
pressure  devices,  corresponding  to  ~5%  of  the  primary  energy 
respectively,  the  energy  actually  used  for  propulsion  is  only 
20%. 

So  far  there  has  been  an  idea  to  apply  the  thermoelectric 
generation  to  automobile  because  of  an  availability  of  quality 
heat  source  such  as  exhaust  gas.  For  instance,  if  2%  of  exhaust 
heat  could  be  converted  into  electrical  power  with  a 
thermoelectric  generator,  equal  amount  of  driving  energy  that 
demands  producing  electrical  power  would  be  released;  thus, 
we  can  get  a  driving  energy  by  22%  totally  with  simultaneous 
reduction  of  emission  of  the  exhaust  heat.  Under  the 


assumption  that  the  weight  of  automobile  does  not  change,  this 
means  that  20%  of  the  driving  energy  costs  about  90%  of  the 
primary  energy;  namely,  it  is  possible  to  reduce  fuel 
consumption  by  10%.  Therefore,  the  thermoelectric  generation 
becomes  increasingly  important  from  the  view  point  of  making 
good  use  of  energy  and  of  conserving  environment. 

Recently,  several  practical  investigations  have  been  made 
according  to  this  consideration1 '2).  Takanose  et  al.  have  pointed 
out  an  importance  to  improve  heat  transfer  from  exhaust  gas  to 
the  hot  end  structure  of  thermoelectric  generator0.  They  have 
suggested  that  if  a  thermoelectric  generator  producing  about 
200W  of  electrical  power  was  obtained,  it  is  expected  to 
reduce  fuel  consumption  by  4%;  where  they  assumed  that  the 
total  weight  of  automobile  increased  about  10kg.  Bass  et  al. 
have  reached  their  design  goal  of  lkW  output  by  improving  on 
heat  transfer  fin  and  by  using  center  body  with  swirl  fin 
remaining  room  for  further  refinement0. 

2)  The  Present  Work 

In  spite  of  the  previous  investigations,  it  seems  still  difficult  to 
make  a  thermoelectric  generator  meets  the  requirements  of 
automobile  use,  that  is,  size,  durability  and  cost.  One  of  the 
reasons  is  that  about  a  thousand  of  elements  are  used  in  a 
thermoelectric  generator  in  present.  For  instance,  it  will  be 
difficult  to  assemble  all  elements  directly  into  a  generator  of 
good  quality  with  saving  the  cost  of  production.  Therefore,  we 
have  decided  to  build  up  a  generator  with  some  of  small  units 
(usually  called  module)  which  are  assembled  with  some  pairs 
of  elements.  Bass  et  al.  have  partially  used  this  approach  in 
their  work;  they  started  with  finished  modules0. 

In  the  present  work,  however,  we  have  started  to  make  module 
itself  because  it  is  necessary  to  optimize  module  for  meeting 
the  requirements  of  automobile.  Further,  we  have  adopted  a 
conventional  type  module  to  make  assembly  of  module  and 
generator  easy;  we  have  also  taken  account  of  future  mass 
production.  Then,  we  have  presumed  the  temperature  of  hot 
end  of  the  module  ~1100K  (800°C,  at  exit  of  exhaust 
manifold),  making  us  to  choose  the  silicon-germanium  alloy 
suitable  for  such  a  high  temperature  use. 

Under  these  limitations,  we  have  selected  Mo  electrodes  and 
AIN  plates  as  a  possible  compositions  of  the  module.  For 
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settling  this  combination,  Si-Ge  alloy,  AIN  plates  and  Mo 
electrodes,  we  have  noticed  chiefly  a  matching  of  the  linear 
thermal  expansion  coefficient  (a)  among  them.  Since 
mechanical  and  electrical  connections  of  them  are  necessarily 
arrayed  at  the  hot  end  of  conventional  type  module,  the 
matching  of  a  is  substantially  important;  any  destruction  of 
connection  will  cause  immediate  decrease  of  output  power. 
We  also  take  account  of  the  thermal  conductivity  (k)  of  plate, 
because  the  temperature  at  the  junctions  of  elements  just 
behind  the  plate  is  necessary  to  be  close  to  the  temperature  of 
surface  of  the  plate. 

In  Fig.l,  k  is  plotted  against  a  for  several  electrical  insulators. 
Here,  a  for  some  typical  thermoelectric  materials  operating  in 
a  middle  and/or  a  high  temperature  range  is  shown  with 
vertical  lines.  As  seen  in  Fig.l,  a  of  AIN  shows  a  good 
agreement  with  that  of  Si2Ge.  Moreover,  it  is  seen  that  the  k  of 
AIN  is  high  enough  to  select  this  material  for  the  module. 

For  electrodes,  we  have  examined  several  metals  having  high 
melting  point  and  have  chosen  Mo  because  a  of  this  metal 
~5ppm/K  is  near  to  that  of  Si2Ge  and  AIN. 

With  these  considerations,  we  have  made  a  tentative  module  in 
order  to  reveal  problems  in  the  module  for  such  a  high 
temperature  use.  We  will  show  the  experimental  procedures 
and  several  experimental  data  obtained  up  to  now  and  will 
discuss  about  them  in  the  following  sections. 

Experimental  procedures 

1)  Elements 

Both  p-  and  n-type  Si2Ge  ingots  were  synthesized  by  a  casting 
melt  method.  High  purity  Si,  Ge,  B  and  P  were  used  as  starting 
material;  all  raw  materials  were  in  5N  grade.  A  RF  induction 
furnace  and  a  carbon  crucible  were  utilized  for  melting  the  raw 
material.  Si,  Ge  and  B  were  melted  simultaneously  for 


Fig.l  Correlation  between  the  linear  thermal  expansion 
coefficient  a  and  the  thermal  conductivity  k  for  several 
electrical  insulators3,4*.  Vertical  lines  show  the  range  of  a  for 
some  typical  thermoelectric  materials  used  in  high 
temperatures  (see  references:  FeSi25),  Si2Ge6),  SiC3,4),  PbTe7,8)). 


synthesizing  p-type  Si2Ge.  For  n-type  one,  P  was  dropped  into 
a  melt  of  Si  and  Ge  for  reducing  evaporation  of  P.  The  mixing 
ratios  of  raw  materials  are  shown  in  Table  1. 

Table  1  Mole  mixing  ratios  of  starting  materials. 


Si 

Ge 

Bor  P 

63.23% 

36.36% 

0.41% 

After  keeping  the  melt  at  -1640K  (1370°C)  for  several 
minutes  in  an  Ar  gas,  it  was  cast  into  an  aluminum  crucible. 
Temperatures  were  monitored  with  an  optical  thermometer. 

The  ingots  were  pulverized,  milled  and  meshed  under  32pm  in 
diameter.  Then,  the  raw  powder  was  hot-pressed  at  1503K 
(1230°C)  and  200kg/cm2  for  60min  in  vacuum  (~10'5Torr). 
Black  and  rather  porous  ceramics  with  a  nominal  density  of 
about  2.7g/cc  were  obtained. 

The  Seebeck  coefficient  and  the  electrical  conductivity  of  the 
elements  were  measured  from  a  room  temperature  to  about 
1000K  (700°C).  Specimens  used  were  about  3x3x10mm3 
bar  cut  from  the  hot-pressed  ceramic  body.  Pt-Pt(13%Rh) 
thermocouples  (<|)0.05mm)  were  attached  at  both  ends  of  the 
specimen  with  silver  paste  (Dupont-3868).  Two  Pt  leads 
(<t>0.05mm)  were  placed  on  the  largest  surface  of  the  specimen 
with  several  millimeters  spacing  for  the  conventional 
4-terminal  method.  Prior  to  measurements,  the  specimen  was 
heated  up  to  ~1000K  (700°C)  and  kept  for  5min  in  an 
evacuated  metal  furnace  (~105Torr)  for  sintering  the  silver 
paste. 

The  thermal  conductivity  was  measured  with  a  conventional 
laser-flash  method  in  the  same  temperature  range  as  that  for 
the  electrical  measurements. 

The  active  carrier  densities  of  the  elements  at  a  room 
temperature  were  obtained  from  the  Hall  coefficient 
measurements;  ~2.0  x  1020cm'3  for  p-type  and  -0.9  x  1020 
cm’3  for  n-type  Si2Ge,  respectively. 

2)  Module 

A  schematic  structure  of  the  present  module  is  shown  in 
Fig.2.  In  this  figure,  heat  flows  from  the  upper  AIN  plate 
toward  the  lower  AIN  plate.  The  front  two  electrodes  (7x9 
mm2)  above  the  lower  AIN  plate  are  concurrently  output 
terminals.  Electrical  current  from  the  left  terminal  flows 
backward  along  the  left  row  of  elements,  then  turns  back 
through  the  right  row.  Both  rows  are  connected  at  the  last 
elements  with  3  x  19  mm2  Mo  electrode  on  the  lower  AIN 
plate.  In  the  two  rows,  p-  and  n-type  elements  are  alternately 
arranged  and  are  connected  in  series. 

Si2Ge  elements,  Mo  electrodes  and  AIN  plates  were  stuck 
with  a  conventional  brazing  technique.  At  first  Mo  electrodes 
were  put  on  AIN  plate  with  a  gold  paste  (Ishifuku,  BAU-4). 
For  increasing  strength  of  the  interface  (Mo/AIN),  metal  Ti 
was  spattered  on  AIN  plate  as  an  activator.  Moreover,  for 
preventing  Mo  electrode  from  coming  into  contact  with  those 
around  it,  spattered  Ti  was  patterned  with  arrangements  of 
Mo  electrodes.  After  ordering  Mo  electrodes  on  AIN  with 
BAU-4,  they  were  dried  at  -373K  (100°C)  for  24  hours  in 
the  air.  Then,  they  were  sintered  at  1303K  (1030°C)  for  8min 
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Fig.2  A  schematic  structure  of  the  present  module.  All 
dimensions  are  shown  in  millimeters;  Mo  electrodes  are 
0.2mm  thick.  The  front  two  electrodes  above  the  lower 
AIN  plate  are  concurrently  output  terminals.  Heat  flows 
from  the  upper  AIN  plate  toward  the  lower  one. 

in  an  evacuated  metal  furnace  at  ~10‘5Torr. 

Next,  Si2Ge  elements  and  Mo  electrodes  on  the  AIN  plates 
were  electrically  and  mechanically  connected  using  a  silver 
paste  (ULVAC,  BAG-8T).  10  pairs  of  Si2Ge  element  were 
arranged  between  two  AIN  plates  (see  Fig.2)  with  BAG-8T 
using  a  mold  which  is  made  of  machineable  ceramic.  Then, 
they  were  dried  at  -373K  (100°C)  for  20  hours  in  the  air 
adding  a  vertical  weight  ~50g/cm2  from  the  upper  side.  After 
drying,  they  were  fired  at  1083K  (810°C)  for  8min  in  an 
evacuated  metal  furnace  at  ~10'5Torr.  Chemical  compositions 
of  BAU-4  and  BAG-8T  are  summarized  in  Table  2. 


Table  2  Chemical  composition  of  brazing  paste. 


Au 

Ni 

Ag 

Cu 

Ti 

BAU-4 

BAG-8T 

82.0% 

18.0% 

36.6% 

59.7% 

3.7% 

The  electrical  power  of  the  module  was  evaluated  as  a  function 


Fig.3  The  Arrhenius  plot  of  the  electrical  conductivity  a  of 
p-  and  n-type  elements. 


of  temperature  difference  (AT)  between  Tu  and  7j;  a  series 
circuit  including  the  module  and  a  reference  resistance 
(~0.5ohm,  comparable  to  the  electrical  resistance  of  the 
module)  was  used.  For  increasing  AT  (-Tu-T),  the  module 
placed  on  a  water  cooled  stage  was  heated  form  the  upper  side 
with  a  heater  block.  With  increasing  AT,  the  closed  circuit 
current  (/c),  the  voltage  drop  of  the  reference  resistance  (Vc), 
and  the  open  circuit  voltage  of  the  module  ( VQ )  were  measured. 
The  temperature  of  both  plates  was  monitored  with  a  thin  C-A 
thermocouple  (<|)0.05)  inserted  between  each  plate  and  the 
corresponding  heat  source.  The  maximum  power  was 
calculated  from  Ic,  Vc  and  V0. 

Results  and  Discussions 

Temperature  dependence  of  the  electrical  conductivity  (a)  and 
that  of  the  Seebeck  coefficient  (S)  are  shown  in  Fig.3  and 
Fig.4,  respectively.  As  seen  in  Fig.3,  a  of  both  elements  shows 
a  metallic  behavior.  A  small  kink  was  observed  at  -750K 
(1000/7M.3)  for  n-type  element;  the  decrease  of  a  becomes 
gradual  above  -750K.  The  origin  of  the  kink  is  still  unclear 
though  an  onset  of  intrinsic  conduction  occurs  around  750K. 
This  seems  to  be  supported  by  the  fact  that  S  of  n-type  element 
is  almost  constant  in  the  same  temperature  range  (see  Fig.4). 

The  thermal  conductivity  k  of  both  types  of  the  element  was 
found  to  be  roughly  represented  by  the  following  linear 
equation  above  -300K; 

K  =  -1.0xl0-3r+3.0,  (1) 

where  T means  the  absolute  temperature.  The  calculated  figure 
of  merit,  Z^S^/ic,  is  shown  in  Fig. 5  for  p-  and  n-type 
elements;  where  eq.(l)  and  cubic  polynomials  of  S  and  a 
obtained  by  least  squares  were  used.  The  absolute  value  of  Z  is 
rather  low  -4  x  lO^K'1  around  900K  comparing  the  reported 
values9).  Since  we  have  given  no  special  care  to  the 
preparation  of  elements  in  the  present  work,  there  is  a  room 
for  further  improvements  on  the  thermoelectric  properties  of 
elements. 


Fig.4  Temperature  dependence  of  the  Seebeck  coefficient 
S  for  p-  and  n-type  elements. 
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Fig.5  Temperature  dependence  of  the  calculated  figure  of 
merit  of  p~  and  n-type  elements. 


Fig.6  Conventionla  type  thermoelectric  module  made  in 
the  present  work. 

Fig.6  shows  the  module  made  in  the  present  work;  38  modules 
of  the  same  shape  and  performance  have  been  finished  totally. 
The  measuring  sequence  of  Tu,  7j,  Vc,  Ic  and  Vo  used  for 
evaluating  the  electrical  power  produced  by  the  module  is  as 
follows; 

•”7u  —>  T\  Vc  —>  /c  — >  [open]  — >  Vo  “ >  [close]  ~  •  • 

The  above  sequence  was  performed  at  a  interval  of  several 
tens  of  second.  The  circuit  for  measurement,  where  the  module 
and  a  reference  electrical  resistance  were  connected  in  series, 
was  closed  except  when  the  open  circuit  voltage  Vo  was 
measured;  making  and  breaking  circuit  are  indicated  by  square 
brackets. 

The  temperature  difference  of  both  (hot  and  cold)  ends  of  the 
module  in  the  closed  circuit  (ATclose)  will  be  smaller  than  that 
measured  with  keeping  the  circuit  open  (A7open)  due  to  the 
Peltier  effect.  Therefore,  V0  in  the  above  sequence  shows  the 
value  at  A Tclose  when  the  circuit  is  open;  then  it  will  tend  to  the 
value  expected  at  A Topen  during  the  measurement.  For 
estimating  the  change  in  Vo  due  to  the  relaxation  of  AT,  Vo  was 


Fig. 7  The  increase  in  Vo  as  a  function  of  time  (/)  after 
breaking  the  circuit.  The  measurements  were  performed  at 
several  sets  of  Tu  and  Tj.  Where  Vo  is  normalized  to  the 
value  at  t=0. 

measured  as  a  function  of  time  after  the  circuit  was  open.  The 
results  are  shown  in  Fig.7.  As  seen  in  Fig.7,  it  is  necessary 
~20sec  for  Vo  to  tend  to  the  value  at  A Topen;  though  the  increase 
in  V0  is  so  small  <1%  that  it  will  be  neglected  in  the  present 
module. 

Maximum  electrical  power  Pmax  calculated  with  eq.(2)  is 
shown  in  Fig.  8; 

V2  i  V2I 

p  _ _ 0_  1  o  c 

max  4 R  4  V  -  V  9  (2) 

S  0  c 

where  Rs  represents  the  internal  electrical  resistance  of  the 
module.  The  Pmax  increases  in  proportion  to  square  of  AT 


Fig.8  Maximum  electrical  power  of  the  module  vs. 
temperature  difference  AT=TU-Tt.  Square  markers  represent 
the  experimental  results,  the  solid  line  shows  a  fitting  curve 
to  square  equation,  and  the  dashed  line  is  a  calculated 
thermoelectric  power  obtained  from  Figs.3  and  4. 
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(=7,u-711)  and  shows  -1.3W  at  A7M00K  (r~700K).  It  is 
expected  from  the  fitting  curve  that  the  Pmax  reaches  -2.8W  at 
AT~600K  (see  solid  line  in  Fig.8). 

The  maximum  power,  estimated  from  the  thermoelectric 
properties  of  p-  and  n-type  elements  (Figs. 3  and  4),  is  also 
shown  in  Fig.8  (dashed  line).  In  this  estimation,  the 
temperatures  of  the  hot  end  and  the  cold  end  of  element  are 
assumed  equal  to  Tu  and  respectively.  As  seen  in  Fig.8,  the 
dashed  curve  considerably  departs  from  the  experimental 
results,  indicating  that  a  large  thermal  resistance  will  exist 
between  heat  sources  and  both  ends  of  element.  Ohmic 
contacts  of  elements  and  Mo  electrodes  are  also  considered  to 
decrease  the  output  power.  Moreover,  some  elements  might 
produce  less  electrical  power  than  that  expected  by  measured 
Tu  and  7j,  because  the  temperature  distribution  on  AIN  plate 
could  not  be  detected  with  only  one  C-A  thermocouple 
inserted  between  AIN  plate  and  corresponding  heat  source. 

By  now,  we  have  noticed  some  problems  being  in  the  interface 
between  Mo  electrodes  and  elements;  the  area  of  contact  of 
elements  with  Mo  electrodes  was  observed  to  be  smaller  than 
that  expected  by  the  dimensions  of  elements.  Therefore,  large 
thermal  and  electrical  resistance  originating  from  the 
imperfection  of  the  interfaces  will  decrease  the  observed 
output  power. 

Further  investigations  on  the  elements  and  the  module  are  now 
in  progress. 

Conclusions 

We  have  made  a  conventional  type  thermoelectric  module 
based  on  silicon-germanium  alloy.  Thermoelectric  properties 
of  both  p-  and  n-type  elements  used  in  the  module  were 
measured  up  to  -1000K.  Maximum  electrical  power  Pmax  of 
the  module  was  measured  against  Ar=7Tu-r,  and  compared  with 
Pmax  calculated  from  the  thermoelectric  properties  of  both 
elements.  In  the  present  work,  following  conclusions  are 
obtained. 

1 .  The  figure  of  merit  of  the  present  elements  is  rather  low 

~4  x  around  900K.  There  will  be  room  for  further 

improvement. 

2.  A  relaxation  phenomena  of  the  open  circuit  voltage  V0  due 
to  the  Peltier  effect  was  observed.  The  relaxation  intensity 
is  so  small  <1%  that  it  will  be  neglected  in  the  present 
module. 

3.  The  present  module  produced  electrical  power  -1.3W  at 
AT~400K  (TU~700K);  it  is  expected  to  be  2.8W  at 
AT~600K  from  a  curve  fitting  of  the  experimental  results. 

4.  The  electrical  power  calculated  from  the  thermoelectric 
properties  of  elements  is  much  larger  than  the 
experimental  one.  We  have  noticed  an  imperfection  being 
in  the  interfaces  between  elements  and  Mo  electrodes, 
indicating  that  large  thermal  and/or  electrical  resistance 
will  exist  in  the  interfaces. 
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Abstract 

The  HZ- 14  is  a  thermoelectric  module  that  converts  low  grade, 
waste  heat  into  electricity.  To  obtain  optimum  performance 
from  the  HZ- 14  it  is  important  to  address  several  key  points 
when  using  the  module  in  an  application.  These  key  points  in 
the  use  of  the  module  are  discussed,  and  methods  of  identifying 
the  causes  of  inferior  performance  are  addressed.  The 
performance  characteristics  of  the  module  are  also  described. 

1.0  Introduction 

The  HZ- 14  is  a  thermoelectric  module  that  is  intended  to  target 
the  waste  heat  market.  The  module  uses  bismuth  telluride  based 
alloys  and  consists  of  98  couples  as  shown  in  Figure  1.  When 
applied  to  any  heat  source,  the  module  requires  a  heat  flux  of 
about  8  watts  per  cm2.  With  a  temperature  difference  of  200°C 


Figure  1  -  HZ-14  Thermoelectric  Module 


the  module  converts  5%  of  the  thermal  energy  that  passes 
through  it  into  electricity,  generating  a  minimum  of  14  watts  of 
electrical  power.  When  properly  installed  it  will  run  for  tens  of 
thousands  of  hours. 

It  has  been  observed  however  that  unless  special  attention  is 
paid  to  certain  details,  satisfactory  performance  from  the  module 
is  not  achieved.  The  purpose  of  this  presentation  is  to  address 
these  key  points  and  to  discuss  some  solutions  that  have  been 
found  to  yield  good  results. 


2.0  Mounting  of  the  Module 

The  best  method  of  using  the  module  is  to  compressively  load 
it  between  the  heat  source  and  the  heat  sink.  A  minimum  load  of 
200  psi  has  been  found  to  yield  the  best  results.  It  is  very 
important  to  uniformly  distribute  the  load  over  the  surface  of  the 
module  to  achieve  optimum  power  performance  and  avoid 
damaging  the  module.  A  well  designed  mounting  system  needs 
to  address  the  following  issues: 

1)  Compressive  Loading 

2)  Thermal  Expansion 

3)  Uniform  Load 

4)  Overhang 

5)  Thermal  Spreader 

6)  Flatness  &  Thennal  Transfer  Compound 

7)  Thermal  Bypass 

2.1  Compressive  Load 

Putting  the  module  under  a  compressive  load  helps  in  two  ways, 
1)  it  ensures  that  the  module  always  remains  in  compression 
(where  it  is  the  strongest),  and  2)  it  maximizes  heat  transfer 
across  the  interfaces.  Experimentation  shows  that  most  of  the 
beneficial  effects  on  heat  transfer  are  achieved  with  a  200  psi 
compressive  load. 

2.2  Thermal  Expansion 

In  determining  the  compressive  load  it  is  important  to 
accommodate  the  large  thermal  expansion  of  the  module  which 
is  about  20x1 0‘6  °C  l.  The  best  way  to  do  this  is  to  use  springs  to 
apply  the  load.  If  the  system  is  simply  bolted  together,  then  the 
expansion  of  the  module  will  apply  too  much  pressure,  or 
conversely,  any  yield  in  the  bolts  or  threads  will  rapidly  lose 
pressure.  A  typical  system  that  can  be  used  to  mount  a 
thermoelectric  module  to  a  hot  surface  is  shown  in  Figure  2.  The 
Belleville  springs  used  in  this  example  apply  a  large  amount  of 
force  in  a  very  compact  space  and  at  the  same  time  they  allow 
for  thermal  expansion. 

2.3  Uniform  Load 

The  clamping  system  used  to  hold  the  heat  sink  and  heat  source 
onto  the  module  can  have  a  significant  effect  on  the  module 
performance.  If  the  module  is  clamped  to  the  heat  source  and  the 
heat  sink  by  simply  bolting  along  the  edges  of  the  heat  source 
and  heat  sink,  then  bowing  can  occur,  since  the  edge  of  the 
module  acts  as  a  pivot  point  as  shown  in  Figure  3. 

Bowing  of  the  heat  sink  will  cause  excessive  forces  on  the 
perimeter  of  the  module  and  a  gap  in  the  center  of  the  module. 
This  type  of  mechanical  loading  is  to  be  avoided  since  it  will 
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Figure  2  -  Module  Pressure  System 

result  in  nonuniform  temperatures  across  the  face  of  the  module 
and,  therefore,  poor  performance  from  the  module.  Also  if  the 
forces  around  the  circumference  of  the  module  become  too 
large,  this  may  result  in  permanent  damage  to  the  module 
caused  by  microcracking  of  the  thermoelectric  material.  Thicker 
heat  sinks  and  heat  sources  will  help  minimize  this  bowing 
effect. 


Pivot  Point 


^  Heat  Sink 

7 

] 

HZ- 14  Thermoelectric  Module 

t: 

T~ 

Heat  Source 

r~ 

Figure  3  -  Bowing  of  Heat  Sink/Source 


2.4  Heat  Source  Overhang 

The  maximum  performance  from  the  module  is  achieved  when 
the  temperature  difference  across  the  face  of  the  module  is  zero. 
Since  the  heat  source  will  cool  near  its  edges,  the  edge  of  the 
heat  source  should  extend  well  beyond  the  edge  of  the  module. 
In  a  laboratory  test  set  up  an  overhang  of  at  least  0.5  inches  is 
necessary  to  avoid  most  of  the  cooling  effects  caused  by  the 
proximity  of  the  edge  of  the  heat  source.  In  an  actual  generator 
it  may  not  be  possible  to  allow  for  this  0.5  inch  overhang. 


2.5  Thermal  Spreader 

To  further  assist  in  uniform  temperature  distribution  across  the 
face  of  the  module  it  is  helpful  to  place  a  copper  or  aluminum 
plate  between  the  module  and  the  heat  source.  If  the  heat  sink  is 
not  copper  or  aluminum,  then  a  copper  plate  should  be  placed 
between  the  module  and  the  heat  sink  as  well.  The  copper  plate 
should  be  at  least  0.25  inches  thick. 

The  copper  plate  acts  as  a  thermal  spreader  and  helps  to 
minimize  hot  spots  and  cold  spots  and  provide  a  uniform 
temperature  to  the  face  of  the  module. 

2.6  Flatness  &  Heat  Transfer  Compound 

For  maximum  heat  transfer  across  the  interfaces  it  is  important 
that  the  surfaces  to  which  the  module  is  to  be  applied  be  as  flat 
as  possible.  A  flatness  of  ±0.001  inches  is  necessary  but  a 
flatness  of  ±0.0005  inches  is  recommended.  If  the  heat  sinks  are 
being  clamped  from  the  sides  then  a  very  slightly  convex 
surface  will  help  compensate  for  any  bowing  that  may  occur. 

In  any  interface,  no  matter  how  smoothly  machined  it  is, 
microscopic  irregularities  on  the  surface  (see  Figure  4)  limit  the 
amount  of  contact  area  that  can  be  achieved  between  the  two 
surfaces. 


Figure  4  -  Interface  with  Irregular  Surface 


Filling  the  voids  in  the  interface,  that  are  caused  by  the  irregular 
surfaces,  with  a  heat  transfer  compound  can  greatly  improve  the 
thermal  conductivity  across  the  interface.  Using  too  much 
thermal  transfer  compound,  however,  will  prevent  metal-to- 
metal  contact,  and  the  thermal  conductivity  will  actually  be 
reduced.  Conventional  silicone  greases,  using  a  ZnO  filler  that 
are  commonly  used  to  heat  sink  transistors,  work  very  well.  If 
maximum  performance  is  necessary,  heat  transfer  greases  filled 
with  AIN  or  BN  will  decrease  the  thermal  resistance. 

Thermally  conductive  adhesives  are  available  that  could  be  used 
to  bond  modules  to  heat  sinks  and  heat  sources  but  they  do  not 
yield  satisfactory  results.  Even  though  the  bulk  advertised 
properties  appear  to  be  good,  the  filler  material  often  pulls  away 
from  the  interface  surface  leaving  a  layer  of  unfilled  adhesive 
with  a  very  low  thermal  conductivity. 

Another  disadvantage  with  adhesives  is  that  the  module  may  not 
always  be  held  in  compression  as  it  is  with  spring  loading.  If  the 
adhesive  allows  the  module  to  be  subjected  to  tensile  or  shear 
forces  it  then  becomes  susceptible  to  damage. 
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2.7  Thermal  Bypass 


3.0  Interfaces 


A  significant  loss  of  efficiency  in  thermoelectric  systems  that  is 
often  overlooked  is  thermal  bypass.  Thermal  bypass  is  defined 
as  thermal  energy  that  passes  from  the  hot  side  to  the  cold  side 
without  passing  through  the  thermoelectric  material.  About  2% 
of  the  thermal  energy  passing  through  the  module  bypasses  the 
thermoelectric  material  by  passing  through  the  module  structure. 

A  much  larger  portion  of  the  thermal  energy  can  bypass  the 
module  by  passing  through  the  metal  support  structure  outside 
the  module  and  through  the  air  gap  between  the  hot  and  cold 
sides.  Referring  to  Figure  2  it  is  obvious  that  a  large  amount  of 
thermal  energy  will  pass  from  the  heat  source  to  the  cold  side 
through  the  mounting  rods.  This  can  be  minimized  by  making 
the  mounting  rods  as  small  as  possible,  choosing  low  thermal 
conductivity  materials  and  by  increasing  the  length  of  the 
thermal  path.  One  method  for  increasing  the  length  of  the 
thermal  path  is  shown  in  Figure  5. 


Mounting  Rod 


Cold  Side 
Bracket 


"  Thin  Walled 
Tube 


Figure  5  -  Increased  Thermal  Path 


The  interface  between  the  module  and  the  heat  source  and  the 
interface  between  the  module  and  the  heat  sink  is  a  very  critical 
component  of  any  thermoelectric  system.  The  surface  of  the 
module  consists  of  the  metallic,  electrical  conductors  that  join 
the  "N"  and  "P"  elements  of  the  module.  It  is  essential  that  these 
conductors  are  not  electrically  shorted  together. 

Since  most  heat  sources  (and  heat  sinks)  are  also  electrically 
conductive,  an  insulating  material  must  be  placed  between  the 
module  and  the  heat  source  or  heat  sink.  If  the  heat  source  (or 
sink)  is  not  electrically  conductive  then  of  course,  this  is  not 
necessary. 

Several  options  for  an  electrical  insulator  exist  and  they  each 
have  their  advantages  and  disadvantages.  Some  of  the  more 
common  alternatives  are: 

1)  Impregnated  silicone  pads 

2)  Hard  anodized  A1203  coatings 

3)  Sputtered  coatings 

4)  A1203  wafers 

All  of  these  alternatives  require  the  surface  to  which  the  module 
is  to  be  mated  to  be  extremely  flat.  A  minimum  tolerance  of 
±0.001  inches  is  suggested  for  the  flatness  of  the  mounting 
surface  but  a  tolerance  of  ±0.0005  inches  is  recommended.  The 
14  watt  modules  are  surface  finished  to  this  tolerance.  Where 
possible,  any  deviation  from  flat  should  be  towards  the 
formation  of  a  convex  surface  as  discussed  in  section  2.6. 

3.1  Silicone  Pads 


To  avoid  any  support  structure  that  can  conduct  heat  from  the 
hot  side  to  the  cold  side  it  is  suggested,  where  possible,  to  mount 
a  thermoelectric  module  on  both  sides  of  the  heat  source.  This 
allows  the  mounting  rods  to  go  from  one  cold  side  to  the  other 
cold  side  without  touching  the  heat  sources  as  shown  in  Figure 
6.  This  arrangement  forces  all  of  the  thermal  energy  to  pass 
through  the  module  with  the  exception  of  the  thermal  energy 
that  is  lost  to  the  surrounding  atmosphere.  Good  thermal 
insulation  will  minimize  the  heat  losses  to  the  atmosphere. 


Modules 


Heat  Sinks 


Figure  6  -  Double  Sided  Arrangement 


Silicone  pads  are  commonly  used  in  mounting  power 
components  in  electronic  circuits.  They  are  easy  to  work  with 
and  because  of  their  flexible  nature  they  can  compensate  for 
irregular  surfaces.  The  very  best  pads  that  were  available 
however  still  allowed  a  temperature  drop  of  25°C  when  the 
module  was  at  a  AT  of  200°C.  Further,  these  pads  are  not 
recommended  for  use  above  210°C. 

3.2  Hard  Anodized  Coatings 

Aluminum  hard  anodized  coatings  have  worked  well  in  some 
cases.  It  is  essential  that  a  good  silicone  based  heat  transfer 
grease  be  used  and  that  the  parts  are  held  in  compression.  The 
aluminum  hardcoatings  are  easily  scratched  however  making  the 
use  of  hardcoatings  unreliable.  Some  "extra  hard"  hardcoatings 
have  been  recently  advertised  but  these  coatings  have  not  been 
evaluated. 

3.3  Sputtered  Coatings 

Ceramic  coatings  sputtered  onto  the  module  or  onto  the  heat 
sources  (or  heat  sinks)  are  very  promising.  In  order  to  be  strong 
enough  to  provide  reliable  results  the  coatings  become  quite 
expensive.  While  this  method  promises  good  results  they  remain 
to  be  evaluated. 

Sputtered  coatings  still  require  the  use  of  a  good  heat  transfer 
grease  and  compressive  loading  to  achieve  a  low  resistance 
interface. 
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3.4  Ceramic  Wafers 


HZ-14  Thermoelectic  Module 


The  most  flexible  system  that  yields  the  best  results  and  is  cost 
effective  is  to  use  a  thin  ceramic  wafer  in  between  the  module 
and  the  surfaces  to  which  it  is  being  mounted.  With  the  proper 
use  of  heat  transfer  compound  in  all  interfaces  and 
compressively  loading  the  arrangement,  temperature  drops  from 
the  heat  source  to  the  module  can  be  as  low  as  15°C  with  a 
module  AT  of  200°C.  A  similar  temperature  drop  between  the 
module  to  the  heat  sink  can  be  realized. 

Suitable  ceramics  that  are  relatively  inexpensive  are  96%A1203 
wafers  that  are  0.010  inches  thick  and  available  commercially 
from  several  sources.  If  BN  filler  heat  transfer  compound  is  used 
in  the  interfaces,  temperature  drops  of  less  than  10°C  have  been 
achieved. 

4.0  Trouble  Shooting 

If  all  of  the  above  steps  are  carefully  followed,  a  satisfactory 
thermoelectric  system  should  result.  If,  however,  the  system 
does  not  perform  as  expected  the  problem  can  be  quickly 
identified  by  following  the  steps  described  below. 

4.1  Module  AT 

The  first  step  is  to  determine  what  temperature  difference  has 
been  obtained  across  the  module.  This  can  be  estimated  by 
bringing  the  module  to  the  operating  temperature  and  allowing 
it  to  stabilize.  This  should  be  done  with  the  electrical  load 
attached  to  the  module.  If  no  electrical  load  is  available,  connect 
the  outputs  from  the  module  together  using  a  jumper  cable. 

Next,  connect  the  leads  from  a  voltmeter  to  the  outputs  of  the 
module  so  that  the  voltage  can  be  read  on  the  display.  The 
voltage  reading  with  current  flowing  through  the  module  is 
called  the  load  voltage  (VI).  Disconnect  the  module  from  the 
load  and  quickly  read  the  voltage  on  the  voltmeter.  The  reading 
should  be  taken  about  1  second  after  the  electrical  load  is 
disconnected.  The  voltage  on  the  module  with  no  current 
flowing  is  called  the  open  circuit  voltage  (Eo). 

When  the  load  is  disconnected  the  module  temperature  will 
increase  and  the  open  circuit  voltage  of  the  module  will  rise. 
The  open  circuit  voltage  reading  must  be  taken  before  the 
temperature  rises  significantly  from  the  steady  state  condition. 

Once  the  open  circuit  voltage  has  been  measured  refer  to  Figure 
7  and  obtain  the  module  AT.  Similarly,  from  Figure  8,  the 
available  power  from  the  module  can  also  be  found. 

Compare  the  actual  power  that  you  are  generating  from  the 
module  with  the  value  that  you  recorded  on  line  1.3.  If  you  are 
obtaining  this  amount  of  power  but  it  is  lower  than  what  you 
feel  you  should  be  generating  you  may  have  a  heat  transfer 
problem  at  the  interfaces  with  your  heat  source  and/or  heat  sink. 
Proceed  to  section  4.3  for  a  discussion  on  this  topic.  If  you  are 
not  generating  as  much  power  as  is  indicated  on  line  1.3  then 
continue  on  to  section  4.2. 


HZ-14  Thermoelectic  Module 


4.2  Module  Integrity 

The  integrity  of  the  module  can  be  determined  by  measuring  the 
value  of  the  internal  resistance  (Ri)  of  the  module.  If  the 
measured  value  of  Ri  is  less  than  the  value  in  Figure  9  that 
corresponds  to  the  measured  open  circuit  voltage  then  the 
module  is  making  the  power  rated  for  that  AT  and  Eo.  If  you  are 
not  sure  what  the  internal  resistance  of  your  module  is,  this 
section  will  describe  how  it  can  be  measured. 

HZ-14  Thermoelectic  Module 

Maximum  Allowable  Internal  Resistance 
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Figure  9  -  Internal  Resistance  vs  Open  Circuit  Voltage 
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It  is  important  to  understand  that  maximum  power  cannot  be 
obtained  from  the  module  unless  the  load  resistance  is  closely 
matched  to  the  internal  resistance  of  the  module.  The  load 
resistance  is  equal  to  the  internal  resistance  of  the  module  when 
the  load  voltage  is  one  half  of  the  open  circuit  voltage.  Figure 
10  shows  how  much  power  is  available  from  the  HZ- 14  module 
at  different  current  levels  (or  in  other  words,  at  different  loads). 

Current  -  Voltage  Curves 

HZ-14  with  200°C  Temp  Difference 


Current  (Amps) 


Figure  10  -  Current  vs  Voltage 

4.2.1  Precision  Electrical  Load:  In  order  to  accurately 
determine  how  much  power  the  module  is  generating  it  is 
important  to  connect  the  module  to  an  electrical  load  that  can 
accurately  measure  the  power  being  dissipated.  The  value  of  the 
electrical  load  must  be  close  to  the  value  of  the  internal 
resistance  of  the  module  in  order  to  obtain  maximum  power 
from  the  module. 

Unfortunately  the  internal  resistance  of  the  module  is  a  function 
of  temperature.  For  the  sake  of  this  evaluation  a  load  resistor 
that  is  between  0.15  Q  and  0.25  Cl  is  suitable.  The  load  resistor 
must  be  capable  of  dissipating  at  least  20  watts  of  power  and 
have  at  least  5%  accuracy.  Record  the  value  of  the  selected  load 
resistor  on  line  2.1  of  Table  1. 

4.2.2  Connect  Precision  Electrical  Load:  The  precision 
load  that  was  selected  in  section  4.2.1  must  be  connected  to  the 
power  leads  of  the  module.  A  switch  that  is  capable  of  switching 
the  potential  15  amps  of  current  needs  to  be  placed  in  the  circuit. 

It  is  preferable  to  solder  all  connections  to  prevent  loose  or  high 
resistance  joints.  A  14  awg  wire  or  larger  should  be  used.  Heat 
sink  the  resistor  in  an  appropriate  manner. 

4.2.3  Measure  Resistor  Voltage:  With  the  load  resistor 
connected  to  the  module,  heat  the  module  to  the  operating 
conditions  and  allow  the  temperatures  to  stabilize.  Measure  the 
voltage  across  the  load  resistor.  This  is  the  "resistor  voltage" 
(Vr). 

4.2.4  Measure  Loaded  Voltage:  Measure  the  voltage  of 
the  module  on  the  module  leads.  This  is  the  "loaded  voltage" 
(VO-  It  is  important  to  measure  the  voltage  on  the  module  leads. 


4.2.5  Measure  Open  Circuit  Voltage:  With  the  meter 
leads  still  connected  to  the  module  leads,  break  the  circuit  by 
opening  the  switch  discussed  in  section  4.2.2  and  quickly 
measure  the  open  circuit  voltage  (Eo).  This  value  should  be 
measured  about  1  second  after  disconnecting  the  load. 

4.2.6  Calculate  Module  Current:  Using  Equation  1 
calculate  the  current  (I). 

I  =  Vr-R*  (1) 

R i  is  the  value  of  the  resistor  in  ohms. 

4.2.7  Calculate  Internal  Resistance:  Knowing  the  open 
circuit  voltage  (Eo)  from  section  4.2.5  and  the  loaded  voltage 
(Vi )  from  4.2.4  and  the  current  (I)  from  section  4.2.6,  calculate 
the  internal  resistance  of  the  module  using  Equation  (2). 

Ri  =  (Eo  -  VO  +  I  (2) 


The  measured  value  of  Ri  can  be  compared  to  the  maximum 
allowable  Ri  as  shown  in  Figure  9.  If  the  measured  Ri  is  less 
than  the  allowed  Ri  then  the  module  is  producing  more  than 
specified  power.  Using  the  Eo  from  section  4.2.5  determine  the 
maximum  allowable  Ri  from  Figure  9  and  compare  this  value 
with  the  measured  Ri  from  equation  (2). 


4.3  Interface  Temperature  Dror 


If  the  module  is  known  to  be  a  good  module  but  you  still  can’t 
get  rated  power  from  the  module  then  the  module  is  not 
operating  at  the  temperatures  that  it  needs  to  be  at. 


When  measuring  the  temperatures  of  the  hot  and  cold  side  it  is 
important  to  position  the  thermocouples  as  close  to  the  module 
as  possible.  It  is  ideal  to  drill  a  thermocouple  well  into  the 
thermal  spreader  plate  and  the  cold  side  heat  sink  and  position 
the  thermocouple  in  the  thermocouple  well. 


Measure  the  hot  side  temperature  (Th)  and  the  cold  side 
temperature  (Tc). 


To  measure  the  temperature  drop  from  the  hot  surface  of  the 
module  to  the  cold  surface  of  the  module  follow  the  steps 
described  in  section  4.1.  This  is  the  estimated  module  AT. 


Now  that  the  temperature  drop  from  the  hot  source  to  the  heat 
sink  is  known  and  the  temperature  drop  across  the  module  is 
known  the  temperature  drop  across  all  of  the  surfaces  (ATi)  can 
be  calculated  from  Equation  3. 


ATi  =  (Th  -  Tc)  -  AT  (3) 


The  temperature  drop  across  all  of  the  interfaces  should  be 
around  30°C  to  50°C  but  due  to  variations  in  material  properties 
the  value  should  be  used  as  a  guide  only.  If  large  values  for  ATi 
are  obtained  (greater  than  50)  then  the  interfaces  of  the  system 
may  need  to  be  improved.  Following  the  guidelines  discussed  in 
the  previous  sections  should  help  to  design  a  suitable  system. 
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Potential  Applications  of  Advanced  Thermoelectrics  in  the  Automobile  Industry 
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Abstract 

Several  proposed  applications  of  thermoelectric  devices 
in  the  automobile  industry  are  reviewed.  The  key  to  the 
realization  of  these  technologies  is  the  continued 
development  of  new  materials  with  increased 
thermoelectric  efficiency. 

Introduction 

With  increasing  environmental  concerns  over  the 
deleterious  effects  of  waste  heat  and  the  harmful  nature 
of  compressed  gases  and  chemical  refrigerants, 
thermoelectric  devices  have  received  renewed  attention 
in  recent  years.  The  idea  of  getting  “free”  electrical 
power  from  waste  heat  or  obtaining  cooling  power 
from  a  solid  state  device  is  at  first  glance  very 
appealing  from  technological,  environmental,  and 
economic  points  of  view.  However,  many  serious 
challenges  remain  to  be  met  before  large  scale 
thermoelectric  refrigeration  and  power  generation 
become  a  reality:  Can  new  more  efficient  materials  be 
developed?  Can  device  design  be  improved  and 
adapted  to  new  applications?  Are  the  thermoelectric 
materials  themselves  environmentally  “friendly?”  And, 
perhaps  most  importantly,  can  a  new  generation  of 
thermoelectric  devices  for  energy  conversion  on  a  large 
scale  be  made  economically?  For  thermoelectric 
materials  and  devices  to  find  application  in  the 
automobile  industry,  the  answer  to  all  of  the  above 
questions  must  be  in  the  affirmative.  In  this  report,  we 
discuss  the  prospects  of  achieving  this  goal,  present 
several  specific  proposed  applications,  and  evaluate  the 
likelihood  that  these  technologies  will  be  utilized. 

A  thermoelectric  generator  is  a  device  which  directly 
converts  heat  into  electricity.  On  the  microscopic  scale 
this  energy  conversion  can  be  thought  of  as  a  transfer  of 
energy  from  the  atoms  which  are  vibrating  in  the 
material  to  free  charge  carriers  which  travel  down  a 
temperature  gradient  and  thus  produce  current  flow  in  a 
closed  circuit  situation.  In  a  thermoelectric  cooler,  on 
the  other  hand,  an  electric  current  is  made  to  flow  in  a 
thermoelectric  material  and  results  in  cooling  of  a 
junction  by  means  of  the  Peltier  effect.  Both  the 


amount  of  electrical  power  produced  in  the  generator 
and  the  amount  of  cooling  power  produced  in  the  cooler 
are  determined  by  the  thermoelectric  figure  of  merit  Z. 
This  quantity  is  a  combination  of  three  fundamental 
transport  properties  of  the  material:  the  Seebeck 
coefficient  S,  the  electrical  conductivity  a,  and  the 
thermal  conductivity  k,  namely, 

Z  =  S2o/k  (1) 

Since  the  dimensions  of  Z  are  inverse  temperature,  it  is 
convenient  to  define  the  dimensionless  figure  of  merit 
ZT,  where  T  is  the  absolute  temperature. 

The  figure  of  merit  is  a  direct  measure  of  the  ability  of 
generator  to  produce  electrical  power  or  of  a  cooler  to 
produce  cooling  power.  In  the  case  of  a  thermoelectric 
generator,  the  efficiency  (i.e.,  the  electrical  power 
generated  divided  by  the  input  thermal  power)  is  given 
by 

£  =  ec»mo.[(l  +  ZT f  -  1]/[(1  +  ZT  f  +Tc/Th]  (2) 

where  Ecamot  is  the  Carnot  efficiency  between  a  hot 
source  at  temperature  Th  and  a  sink  at  temperature  Tc. 
Thus  for  small  ZT,  e  is  small,  while  for  ZT  ->  oo,  the 
thermoelectric  efficiency  approaches  the  Carnot 
efficiency.  While  physical  law  does  not  restrict  the 
values  that  ZT  can  attain,  current  state  of  the  art 
thermoelectric  materials  all  have  ZT  <  1 ,  which  limits 
the  thermoelectric  efficiency  to  less  than  30  %  of  e^mof 
In  view  of  the  relative  leniency  of  the  laws  of  physics 
with  regard  to  how  large  ZT  can  become,  it  is  quite 
surprising  that  no  materials  have  been  found  with 
larger  values  of  ZT.  Based  on  recently  developed 
models  for  thermoelectric  materials  [1]  there  is  good 
reason  to  believe  that  values  of  ZT  in  the  range  2-4  can 
be  realized,  and  in  fact  a  good  deal  of  progress  in  this 
direction  has  been  made  in  the  last  two  years.  To  fully 
appreciate  the  significance  of  such  a  development,  one 
need  only  note  that  a  material  with  ZT  ^  4  would  have 
a  £  ~  0.55ecarnot ,  which  represents  a  substantial  increase 
in  device  efficiency. 
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For  a  thermoelectric  cooling  device ,  the  coefficient  of 
performance  <|>  (which  is  the  ratio  of  the  rate  of  heat 
absorption  to  the  input  electrical  power)  is  given  by 

4  =  0.5  (TyATHO  +ZT)'/!  -  1]/[(1  +ZT),/2  +  1]  (3) 

where  Tm  is  the  mean  temperature  of  the  hot  and  cold 
junctions  and  AT  the  temperature  difference  between 
them.  Again,  for  ZT  small,  <|>  is  small,  while  for  ZT  -*> 
°°,  <|>  approaches  the  coefficient  of  performance  of  an 
ideal  thermodynamic  machine.  The  maximum 
temperature  difference  that  can  be  achieved  by  a 
thermocouple  in  an  adiabatic  enclosure  ((()  =  0)  is  given 
by 

AT™  =  2Tm  [(1  +ZT)Vl  - 1]/[(1  +ZT)/!  +  1]  (4) 

For  Tm  =  290  K,  this  gives  AT™  -  100  K  for  ZT  -  1 
and  AT^  =  220  K  for  ZT  =  4. 

The  above  elementary  discussion  on  the  efficiency  of  a 
thermoelectric  generator  and  the  coefficient  of 
performance  and  maximum  AT  of  a  thermoelectric 
cooler  are  not  meant  to  be  complete  but  should 
convince  the  reader  that  with  the  development  of  high- 
Z  thermoelectrics  these  technologies  will  become  very 
attractive  alternatives  or  supplements  to  conventional 
power  generation  or  refrigeration  techniques,  especially 
when  the  added  advantages  of  reliability,  quietness,  and 
all  solid  state  operation  are  considered.  We  will  now 
turn  to  a  brief  overview  of  several  potential  applications 
of  thermoelectrics  which  have  been  proposed  for  the 
automobile  industry. 

Potential  Application  of  Thermoelectrics  in 
Automobiles 

Exhaust  Gas  Thermoelectric  Generator 

The  concept  of  an  exhaust  gas  thermoelectric  generator 
is  based  on  early  fossil-fuel-fired  thermoelectric 
generators  developed  by  the  US  Army  for  remote  field 
use  [2].  Recently,  prototype  generators  for  automobiles 
were  built  in  both  Japan  [3]  and  by  Porsche  [4].  The 
high  temperature  of  the  exhaust  gas  stream  requires  the 
utilization  of  a  thermoelectric  material  the  figure  of 
merit  of  which  is  maximized  in  the  300-500  C 
temperature  range.  In  the  case  of  [3],  PbTe  elements 
for  which  ZT  ~  0.6  were  employed,  while  [4]  used 
FeSi2  elements  with  ZT  ~  0.2.  In  spite  of  its  rather  low 
figure  of  merit,  apparently  the  latter  material  was 
chosen  because  of  its  low  cost.  Both  of  these  prototypes 
produced  moderate  (<  100  W)  power  output.  The  use 


of  higher  figure  of  merit  thermoalloys  would  afford  a 
significant  increase  in  this  value.  Several  critical  issues 
in  addition  to  element  figure  of  merit  must  be 
considered  in  the  design  and  construction  of  an  exhaust 
gas  generator: 

a).  Location  of  the  generator .  In  [3]  the 
generator  was  placed  between  the  takedown 
pipe  and  the  catalytic  converter.  While  this 
location  may  be  desirable  from  the  standpoint 
of  taking  maximum  advantage  of  the  heat 
produced  by  the  engine,  it  risks  a  lowering  of 
the  temperature  of  the  catalytic  converter. 
Whether  this  was  in  fact  the  case  was  not 
discussed  in  this  reference,  but  should  be 
carefully  considered  when  such  a  location  is 
chosen.  The  location  of  the  generator  in  the 
Porsche  prototype  was  not  indicated. 

b  ).Heat  transfer  from  exhaust  gas  to 
thermoelectric.  In  both  [3]  and  [4]  it  was 
pointed  out  that  the  heat  transfer  from  the 
exhaust  gas  stream  to  the  hot  side  of  the 
thermoelectric  generator  is  not  large  enough 
when  the  exhaust  gas  is  just  allowed  to  flow 
down  the  exhaust  pipe.  Rather,  some  type  of 
internal  finning  or  diffuser  arrangement  must 
be  used  in  order  to  minimize  the  temperature 
difference  between  the  gas  and  the  hot  side  of 
the  device.  It  is  critical,  however,  as  pointed 
out  in  [4],  that  the  crossection  for  heat  flux 
remain  sufficiently  high  to  prevent  a  decrease 
in  engine  power.  Alternatively,  one  might 
consider  locating  the  generator  in  a  location 
remote  from  the  exhaust  stream  and  transfer 
heat  to  it  using  a  fluid  flowing  in  tubing  wrap- 
ed  around  the  exhaust  pipe.  Such  an 
arrangement  may  provide  an  enhanced  heat 
transfer  from  the  gas  but  would  require  a 
pump  to  move  the  fluid  and  a  radiator  to  cool 
it  before  returning  to  the  hot  gas. 

c).  Generator  mass.  The  use  of  a 
thermoelectric  generator  is  desirable  from  the 
point  of  view  that  it  can  provide  electrical 
power  to  supplement  the  alternator  and  thus 
increase  fuel  efficiency.  In  order  that  this  be 
achieved,  the  additional  weight  of  the 
generator  must  not  be  so  large  as  to  defeat  this 
advantage.  It  is  difficult  to  estimate  the 
fractional  increase  in  fuel  efficiency  with  the 
use  of  such  a  generator,  but  it  is  reasonable  to 
suppose  that  it  will  not  exceed  5  %  (or 
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roughly  1.5  mpg).  Assuming  that  the  weight 
penalty  on  fuel  efficiency  is  on  the  order  of 
100  lb/mpg,  it  is  desirable  to  maintain  the 
total  generator  mass  below  about  50  pounds. 

d) .  Thermoelement  stability.  Due  to  the  high 
temperature  of  the  exhaust  gas,  it  is  imperative 
that  the  materials  used  for  the  construction  of 
the  generator  be  stable  in  this  temperature 
range.  PbTe  and  FeSi2  elements  remain  stable 
well  above  500  C,  and  SiGe  thermoelements 
are  stable  to  temperatures  in  excess  of  1000  C. 
In  developing  new  materials,  the  thermal 
stability  of  the  alloys  is  a  critical  issue 
deserving  close  attention.  Frequently  it  is  not 
the  thermoelements  themselves,  but  rather  the 
electrical  contacts  which  fail  at  high 
temperatures,  and  thus  this  is  also  an  area  of 
concern  when  developing  advanced  materials. 

e) .  Environmental  friendliness.  If  and  when 
the  useful  life  of  the  generator  has  been 
exhausted,  can  it  be  disposed  of  harmlessly  or 
recycled?  Clearly  this  is  an  issue  of  ever 
growing  importance  today  and  must  not  be 
ignored.  A  material  such  as  FeSi2  clearly  can 
be  dealt  with  properly  from  this  perspective. 
PbTe,  on  the  other  hand,  presents  a  potential 
problem  with  respect  to  heavy  element 
contamination.  In  the  thermoelectrics 
industry,  Bi2Te3  is  the  most  widely  developed 
material,  and  methods  have  already  been 
developed  for  recycling  most  of  the  device 
material  [5].  Evidently,  when  developing  new 
materials,  the  question  of  environmental 
friendliness  during  manufacture,  use,  and 
ultimate  disposal  must  constantly  be  kept  in 
mind. 

Finally,  it  is  to  be  noted  that  High-Z  Technology  has 
been  developing  an  exhaust  gas  generator  for  diesel 
trucks  for  which  it  is  claimed  that  a  maximum  power 
output  of  1000  W  is  obtained  [6],  This  generator  uses 
Bi2Te3  thermoelements  and  thus  operates  at  a  lower 
temperature  than  those  described  in  [3,4].  This  has  the 
advantage  of  not  requiring  as  sophisticated  a  heat 
transfer  enhancement  mechanism  since  a  fairly  large 
amount  of  temperature  drop  between  the  gas  and  the 
hot  side  of  the  thermoelectric  can  be  tolerated.  On  the 
other  hand  the  efficiency  suffers  somewhat  since  the 
Carnot  efficiency  is  lowered.  While  this  type  of 
generator  may  find  application  in  large  diesel  trucks,  it 


seems  unlikely  that  it  will  be  employed  on  passenger 
cars  because  of  its  large  size. 

Cabin/Seat  Air  Conditioning 

Thermoelectric  cooling  has  found  widespread 
application  for  small  scale  applications  where  cooling 
power  requirements  are  10  W  or  less.  This  is  because 
the  coefficient  of  performance  of  a  thermoelectric 
cooler  increases  exponentially  with  decreasing  cooling 
power,  and  at  low  cooling  powers  exceeds  that  of  a 
standard  compression-type  air  conditioning  unit.  For 
large  scale  applications,  such  as  home  and  vehicle  air 
conditioning,  the  coefficient  of  performance  of 
thermoelectrics  is  less  than  half  that  of  standard  air 
conditioners  when  one  takes  into  account  the 
inefficiency  of  the  conversion  of  mechanical  energy  to 
electrical  energy  by  the  automobile  alternator.  The 
crossover  between  the  coefficients  of  performance  of 
the  two  cooling  techniques  occurs  for  cooling  powers 
on  the  order  of  100  W.  However,  with  the  emergence 
of  new  materials  with  enhanced  figure  of  merit,  it  is 
expected  that  the  coefficient  of  performance  of  two 
cooling  techniques  will  become  comparable  even  for 
cooling  powers  in  the  kW  range.  Then  the  added 
advantages  of  solid  state  operation,  reliability,  and 
freedom  from  harmful  refrigerants  swing  the  pendulum 
in  favor  of  thermoelectric  cooling  even  on  a  large  scale. 
When  and  if  this  becomes  the  case,  the  issue  of  cost 
will  become  the  most  relevant,  and  should  be  a  concern 
for  those  developing  new  materials  for  advanced 
thermoelectrics. 

In  the  case  of  an  electric  vehicle,  the  outlook  is  a  little 
more  promising  since  the  system  COP  of  a 
thermoelectric  will  be  larger  due  to  the  elimination  of 
the  alternator  inefficiency.  As  such  currently  available 
thermoelectric  coolers  have  a  COP  about  two  thirds  that 
of  a  comparable  vapor  compression  system,  and  at  ZT  = 
2  the  two  methods  of  cooling  have  similar  COP.  An 
additional  advantage  of  this  type  of  a  thermoelectric 
cooling  unit  is  that  it  can  also  serve  as  a  heating  system 
for  the  cabin:  simply  by  reversing  the  direction  of 
current  flow  in  the  device,  heat  will  be  liberated  at  the 
same  junction  where  it  is  absorbed  in  the  cooling 
application. 

Another  interesting  application  which  has  been 
considered  is  the  use  of  thermoelectrics  for  seat  cooling 
[7].  The  principle  here  is  that  a  quick  level  of  personal 
comfort  of  the  occupants  of  a  vehicle  can  be  achieved 
even  when  the  cabin  itself  is  at  an  elevated  temperature 
simply  by  cooling  the  seat  using  a  thermoelectric 


385 


15th  International  Conference  on  Thermoelectrics  (1996) 


device.  The  thermoelectric  device  modules  can  be 
embedded  in  the  seat  and  located  at  strategic  positions 
to  provide  the  maximum  level  of  comfort.  This 
application  also  enjoys  the  same  advantage  as  the  cabin 
air  conditioning  unit  in  that  heating  of  the  seat  can  be 
affected  simply  by  current  reversal. 

Cooling  of  Microelectronics  Using  Thin-Film 
Thermoelectrics 

The  efficient  removal  of  heat  from  integrated  circuits 
has  become  a  cause  for  concern  as  electronic 
components  evolve  to  ever  higher  powers  and  larger 
packing  densities.  Traditional  methods  of  brazing  IC’s 
onto  a  high  thermal  conductivity  substrate  such  as  BeO 
are  quickly  becoming  incapable  of  handling  the  high 
heat  loads  generated  in  such  applications.  While  the 
advent  of  chemically  vapor  deposited  diamond  was 
hailed  as  the  successor  to  BeO  for  thermal 
management,  the  high  cost  of  production  of  this 
material  has  precluded  its  widespread  use.  A  potential 
niche  for  thermoelectric  coolers  would  be  for  the 
cooling  of  high  power  electronics  which  operate  only 
for  limited  periods  of  time  [8].  The  advantage  of  using 
a  thin-film  type  thermoelectric  device  in  this  type  of 
application  is  that  the  cooling  power  is  inversely 
proportional  to  the  length  of  the  thermoelectric  legs, 
which  can  be  made  very  short  in  this  geometry.  The 
entire  area  of  thin-film  thermoelectric  devices  is  a  new 
one,  and  devices  made  with  traditional  materials  are 
only  now  being  investigated.  In  addition  to  the 
potential  of  new  materials,  unusual  effects  associated 
with  the  two-dimensional  nature  of  quantum  well  and 
heterostructure  systems  [9]  have  been  predicted  which 
could  improve  device  efficiency  even  more.  Only  time 
will  tell  whether  such  enhancements  can  be  realized  in 
the  laboratory. 

In  summary,  it  is  clear  that  an  increased  sensitivity  to 
the  undesirable  nature  of  rejected  heat  from  fossil-fired 
plants  and  engines  has  driven  a  dramatic  rebirth  in  the 
interest  of  thermoelectric  generator  technology.  New 
applications  and  designs  have  emerged  which 
demonstrate  the  viability  of  converting  heat  to 
electricity  on  a  large  scale.  At  the  same  time, 
thermoelectric  refrigeration  is  beginning  to  penetrate 
significant  consumer  markets  (e.g.,  picnic  coolers 
currently  require  more  than  half  a  million 
thermoelectric  modules  annually).  With  such 
increasing  demand,  thermoelectric  module  production 
costs  have  steadily  decreased  and  will  continue  to  do  so. 
The  engine  driving  this  technology  forward  is  the 
continued  development  of  new  materials  with  higher 


thermoelectric  efficiency.  New  models  for  enhanced 
figure  of  merit  materials  as  well  as  very  encouraging 
experimental  results  indicate  that  we  are  witnessing  the 
dawn  of  a  new  era  in  thermoelectric  technology.  While 
the  evolution  from  theory  to  everyday  device  will  not 
happen  overnight,  with  steady  progress  it  can  be 
expected  that  thermoelectrics  for  power  generation  and 
refrigeration  will  become  viable  and  competitive 
technologies  early  in  the  next  century. 
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MINIATURE  THERMOELECTRIC  GENERATORS  (TEG)  WITH 

CATALYTIC  HEATING 

Anatychuk  L.I.,  Mikhailovskii  V.Y.,  Konopelnyuk  V.V. 

Institute  of  Thermoelectricity,  General  Post-Office,  Box  86,  274000, Chemivtsi,  Ukraine 


Moderm  fuel  thermoelectric  generators  (TEG)  are  widely  used 
in  the  range  of  10  -  500  W  [1].  Chemical  sources  of  current 
(CSC)  that  not  always  satisfy  consumers  are  used  at  lower 
powers.  Negative  factors  are  large  weight,  cost,  self-discharge 
amount,  problems  in  storage  and  maitenance  at  low 


temperatures.  CSC  manufacture  is  power-intensive,  expensive 
and  ecologically  dangerous.  That  is  why  fuel  TEGs  capable  to 
compete  with  CSCs  are  of  interest.  Table  1  corroborates  the 
great  potentialities  of  this  work. 

The  present  work  is  devoted  to  fuel  TEGs  on  liquefied  gas 

Table  1 


Comparative  characteristics  for  CSC  and  fuel  TEG 


Converter 

Conversion  system, 
fuel 

Specific  energy 

(W  h)/kg  (Wh)/1 

Relative 

cost  of  energy 

TEG 

liquefied  mixture 

of  propane  &  butane 

180-250 

100-140 

1 

CSC 

Mn-Zn,  salt 

65-85 

110-180 

20-50 

CSC 

Mn-Zn,  alkaline 

65-200 

140-400 

60-85 

CSC 

Li 

150-500 

250-1000 

500-1500 

development  for  10-100  mW  power  ranges. 

We  do  not  know  any  examples  of  such  low-powered  TEGs 
production  in  the  morderm  practice.  The  main  difficulty  of  the 
problem  consists  in  the  development  of  an  1-10  W  effective 
and  stable  heat  source. 

The  use  of  a  flame  burner  is  impossible  because  of  the 
problem  in  small  fuel  amouts  supply  (0.1 -0.5  g/h)  and 
instability  of  such  small  size  flame  burning.  Even  under  small 
changes  in  fuel  or  air  consumption  such  burner  ceases  to 
operate. 

Small  power  heat  sources  have  been  developed  on  the  catalytic 
counter-flow  burner  base  which  stable  operates  on  gas  and  is 
suitable  for  continuous  operation  on  a  self-sufficiency  basis. 
The  flameless  catalytic  burner  feature  at  separated  fuel  and  air 
supply  is  spontaneous  burning  resumption  after  short  breaks  in 
fuel  supply,  changes  in  air  supply  and  combustion  products 
discharge.  The  burner’s  temperature  can  be  maintained  within 
250-400*C.  A  high  efficient  promoted  catalyst  with  service 
life  up  to  10000  hours  is  used  in  heat  sources.  Fig.l  represents 
the  diagram  of  a  heat  sources  structure. 

The  use  of  results  of  a  series  research  works  in  this  direction 
ensured  the  development  of  such  catalytic  heat  sources  (CHS) 
[2-4]. 

TEGs  design  was  made  by  the  computer  modelling.  TEGs 
maximum  is  defined  by  the  following  optimizating  parameters: 
a  collector  aerodynamic  drag,  burner-collector  distance,  fuel 
consumption,  load  impedance  and 
thermoelectric  battery  (TEB)  properties. 


Fig.  1.  a)  -  1W;  b)  - 10  w. 

1  -  catalyst;  2  -  a  device  for  gas  supply  to  the  catalyst;  3  -  fuel 
tank;  4  -  controller  of  gas  consumption. 


Pilot  samples  of  TEGs  based  on  the  structure  diagram  given  in 
Fig.2  have  been  designed  and  produced. 

In  most  cases  the  most  important  for  a  consumer  is  not  such 
high  efficiency  but  extended  service  life.  For  this  purpose  a 
hot  juncle  temperature  of  TEG  was  specified  within  120-150 
C  and  alloys  based  on  Bi2Te3  were  used  for  its  development. 
TEB  consists  of  eight  modules  placed  in  series.  A  15  mW 
module  for  a  TEG  has  44  thermocouple  legs  with  cross-section 
of  (0.26  x  0.5)  mm2  and  12  mm  long,  for  100  mW  -  80  legs 
with  cross-section  (0.71  x  0.71)  mm2  and  10  mm  long. 
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Heat  regeneration  method  consists  the  structure  pecularity.  A 
portion  of  a  heat  released  from  the  TEB  is  used  for  its  fuel  tanf 
heating.  This  increases  CHS  efficiency  and  stability.  Complex 
study  of  10-100  mW  TEGs  have  been  performed  and  a 
number  of  pecularitied  in  their  operation  were  found  out. 
Processes  of  convective  heat  exchange  in  such  systems  have 
not  studied  yet  and  this  hinderes  TEGs  design.  The  analysis  of 
heat  exchange  processes  for  burner-collector  configuration  of 
1-10W  catalytic  heat  sources  showed  that  natural  convection 
in  heat  exchange  from  the  miniature  burner  to  the  collector  is 
reduced  to  minimum  and  so  called  film  regime  of  heat 
exchange  bordering  with  heat  exchage  by  thermal  conduction 
is  possible.  Stable  burning  is  provided  therewith  by  forced  gas 
supply  that  intensifies  mass  transfer  in  the  catalyst  layer  and 
round  the  burner. 


5 


1  -  catalytic  heat  source;  2  -emitting  surface  of  the  burner;  3  - 
heat  receiving  collector;  4  -  thermoelectric  battery;  5  - 
radiator;  6  -  fuel  tank. 

TEG  parameters  dependence  on  fuel  consumption  has  been 
studied  and  shown  in  Fig.  3.  Maximums  of  electric  power  and 
efficiency  are  caused  by  maximum  availability  in  the 
functional  dependence  of  the  burner  temperature  on  fuel 
consumption.  Causes  are:  the  pecularities  of  fuel  and  air 
supply  in  a  counter-flow  burner.  First,  when  the  fuel 
consumption  is  small  and  oxygen  is  in  excess,  hydrocarbon 
bums  completely  and  temperature  increases  to  it  maximum 
value.  Then,  when  gas  speed  begins  to  impede,  the  air  accesses 
into  the  catalyst  layer,  lack  of  oxygen  come  into  effect  and 
temperature  decreases.  For  the  giving  conditions  the  catalyst 
activity  can  also  be  the  limiting  factor  for  the  burning  process 


but  this  factor  was  excluded  by  the  use  the  catalyst  of 
obviously  high  activity. 

More  detailed  study  of  the  examined  dependence  showed  that 
the  maximum  temperature  region  can  be  observed  in 
considerably  wide  range  of  gaseous  fuel  supply  speed  even  in 
the  case  of  hydrocarbons  conversion  degree  decrease.  This 
testifies  about  the  mechanism  compensating  the  temperature 
decrease  brought  on  by  fuel  consumption  increase  and 
decrease  of  the  conversion.  It  was  found  out  that  oxidation 
zone  transfer  (maximum  temperature  in  the  catalyst  layer)  near 
to  the  burner  surface  was  such  mechanism.  In  this  case  the  air 
access  to  the  oxidation  zone  is  facilitated  and  gas  combustion 
ismore  complete. 

Fig.  3  shows  that  the  efficiency  maximum  is  realized  at  smaller 
fuel  consumption  in  comparison  with  the  electric 

P=P(g),  mW 
n=n(g)>  % 


Fig.  3.  Electric  power  P  and  efficiency  r\  of  thermoelectric 
generator  with  catalytic  heat  source  dependence  on  fuel 
consumption. 


power  maximum.  The  efficiency  at  the  TEG  maximum  power 
is  about  70  %  of  its  maximum  value.  The  maximum  efficiency 
condition  when  electric  power  is  not  less  than  80  %  of  its 
maximum  value  is  more  preferable. 

The  main  characteristics  and  parameters  of  two  TEGs  models 
on  condensed  propane  and  butane  mixture  are  given  in  Table 
2. 

Comparison  of  electric  power  cost  of  catalytic  generators'  TK 
0.015  and  TK  O.l  with  Mn-Zn  chemical  sources  shows  that 
thenoelectric  generators'  electric  power  cost  is  in  2-3  times 
smaller  even  if  not  to  take  into  consideration  exploitating 
expences  during  15000  hours.  The  effect  value  is  sufficiently 
increased  if  the  consumer  is  in  a  remote,  inaccessible  place,  or 
if  the  access  to  it  is  impossible  by  some  reasons.  In  this  case  it 
is  reasonable  to  use  low-powered  fuel  TEGs. 

From  the  above  stated  one  can  make  a  conclusion  about 
competitibility  of  10-100  mW  TEGs  in  comparison  with  CHS. 
The  decisive  factors  are  low  cost  of  gas  fuel  and  TEG 
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Table  2 


Parameter 

TK  0.015 

TK  0.1 

nominal  electric  power,  W 

0.015 

TK  0.015 

matched  load  voltage,  V 

4.5 

0.1 

optimal  fuel  consumptio,  g/h 

0.09 

9.0 

catalyst  service  life  before  maintenance  schedule,  thousand  hours, 
not  less  than 

6 

0.6 

TEG  sevice  life,  thousand  hours  not  less  than 

15 

6 

Operation  on  one  fueling,  h  120  50 

120 

15 

Mass  without  fuel,  g  not  more  than  70  250 

70 

250 

Overall  dimensions,  mm  not  more  than: 

diameter 

45 

60 

height 

60 

120 

structure,  long  service  life  and  reliability,  ability  to  operation 
at  low  temperatures  and  ecological  purity,  practically 
unlimited  storage  period. 
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A  STOVE-TOP  GENERATOR  FOR  COLD  AREAS 


Anders  Killander,  Royal  Institute  of  Technology,  Stockholm,  Sweden 
John  C.  Bass,  Hi-Z  Technology,  Inc.,  San  Diego,  California 


Abstract 

This  paper  discusses  the  development  and  test  of  a  prototype 
thermoelectric  generator  which  is  designed  to  use  the  heat  of 
existing  wood  fired  stoves  that  are  typically  used  in  the  area  for 
home  heating.  This  generator  is  being  developed  by  the  Royal 
Institute  of  Technology,  in  Sweden,  to  provide  small  amounts 
of  power  to  homes  in  the  remote  northern  areas  of  the  country 
which  are  beyond  the  electric  grid.  The  paper  will  discuss  some 
of  the  aspects  of  the  generator  design,  as  well  as  the  early 
results  obtained  and  some  of  the  lessons  learned  from  the  first 
home  test  site  in  Skerfa,  Sweden,  which  is  located  near  the 
Arctic  Circle.  The  bismuth-telluride  thermoelectric  modules 
used  in  the  generator  are  also  discussed. 

Background 

In  Northern  Sweden  there  are  a  few  hundred  families  living  in 
houses  in  areas  where  the  electric  utilities  will  not  connect  them 
to  the  grid.  The  cost  of  grid  connection  is  estimated  to  be 
between  $5,000  and  $120,000  per  house  and  therefore  it  is  not 
economical. 

The  government  of  Sweden  supports  this  type  of  rural  living 
since  it  believes  that  a  populated  countryside  is  good  for  the 
nation.  They  support  these  families  in  many  ways  by  charging 
them  the  same  basic  price  for  services  as  is  charged  to  people  in 
populated  areas.  However,  this  support  does  not  include 
electricity. 

Most  of  the  homes  in  this  area  of  Northern  Sweden  are  old 
mountain  farms  which  has  been  in  continuous  use  for  many 
generations  without  electricity  but,  of  course,  the  residents 
desire  some  of  the  advantages  and  conveniences  the  electricity 
provides.  Currently  they  use  kerosene  lamp  for  light,  wood 
stoves  for  heat  and  small  gasoline  powered  motor  generators  for 
electricity.  However,  most  of  the  people  believe  these 
generators  are  too  noisy,  require  too  much  maintenance,  and 
have  high  fuel  cost  in  Sweden. 

Another  problem  with  the  motor-generators  that  are  available  is 
that  their  output  characteristics  do  not  match  the  load 
requirements  of  the  farm  homes.  Their  output  is  generally 
higher  than  the  demand  requirements.  If  the  generators  are 
used  to  charge  the  storage  batteries,  they  are  only  run  for  short 
periods  of  time. 

The  Engineering  Design  group  at  Sweden’s  Royal  Institute  of 
Technology  undertook  the  problem  of  providing  several 
hundred  watt  hours  per  day  of  electric  power.  They  started  by 
investigating  the  different  methods  for  producing  small 
amounts  of  electric  power  with  the  energy  sources  available. 


The  result  of  this  investigation(l)  was  to  select  thermoelectric 
technology  as  the  conversion  means  and  the  home  wood  stove 
as  the  heat  source. 

Problem  Definition 

Typical  houses  in  Northern  Sweden  are  somewhat  large,  made 
of  wood  and  are  well  insulated.  The  farmhouse  in  Skerfa, 
Arjeplog,  Sweden  that  was  selected  for  the  test  is  shown  in 
Figure  1.  In  the  harsh  winter  season  snow  is  present  from 
November  to  May  and  during  this  period  some  families  stay  in 
an  area  of  the  house  close  to  the  kitchen  and  do  not  heat  the 
entire  house.  The  main  source  of  heat  in  these  farm  homes  is 
usually  a  large  wood  stove  located  in  the  kitchen. 


Figure  1:  Test  Site  in  Skerfa,  Sweden 


Because  the  houses  are  located  above  the  Arctic  Circle,  there 
are  only  a  few  hours  of  daylight  in  the  winter  which  precludes 
the  use  of  photovoltaic  systems.  To  save  energy  during  this 
period,  only  a  few  rooms  are  illuminated. 

Families  who  live  in  the  area  were  surveyed  to  determine  their 
main  desires  if  electricity  were  available.  The  results  in  order  of 
importance  were: 

•  Having  lights  such  as  provided  by  a  12v  small  fluorescent 
light 

•  Power  for  a  TV  2  to  2.5  hours  a  day 

•  Power  for  a  water  pump  to  pump  water  from  the  lake, 
river,  or  well  into  a  pressurized  storage  tank  in  the  house 

•  Power  for  a  vacuum  cleaner  once  or  twice  a  week 

•  Operate  small  hand  tools  to  make  repairs 

•  Power  for  small  kitchen  appliances  such  as  a  food 
processor. 

The  general  opinion  of  the  population  was  that  providing  the 
first  three  items  would  satisfy  95%  of  the  families’  desires. 
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A  survey  of  the  available  temperatures  associated  with  the  cast 
iron  wood  stove  are  provided  in  Table  1 .  The  positions  referred 
to  in  Table  1  are  shown  in  Figure  2. 


prototype  generators,  one  heat  sink  contained  eleven  vertical 
parallel  fins  and  the  other  contained  nine  parallel  vertical 
parallel  fins  as  well  as  a  number  of  shorter  angled  parallel  fins. 


Figure  2:  Temperature  Positions 
Table  1 

Position  Location  Source  Sink 

Temperature  Temperature 

1  Behind  Stove  300  -  500°  20° 

2  Stove  Top  150-300°  20° 

3  Top  of  Chimney  140-200°  Sub-Zero 

The  daily  demand  for  electricity  was  estimated  to  be  between 
200  and  300  watt-hours.  This  was  based  on  providing  power 
for  4  to  6  low-wattage  lamps  and  a  small  TV.  One  lamp  in  the 
kitchen  would  be  on  most  of  the  day  while  the  lights  in  the 
other  rooms  would  be  on  for  only  a  few  hours  a  day.  Power 
generation  from  the  woodstove  heat  source  could  be 
accomplished  during  12  to  14  hours  a  day  so  that  a  device 
capable  of  producing  20  to  40  watts  would  be  sufficient 
including  the  losses  for  a  DC/DC  converter. 

Generator  Design 

The  generator  design  developed  was  based  on  the  use  of  two 
HZ-20  modules  produced  by  Hi-Z  Technology,  Inc.  in  San 
Diego,  California.  The  properties  of  this  module,  which  is 
shown  in  Figure  3,  are  presented  in  Table  2. 

The  generators  that  were  built  and  tested  each  used  two  HZ-20 
modules  connected  electrically  in  series.  The  nominal  output 
voltage  of  4.76  Volts  from  the  modules  is  converted  upward  to 
a  nominal  13.5  Volts  by  a  DC/DC  converter  and  was  used  to 
charge  four  6  Volt  lead  acid  Exide  batteries  connected  in 
series/parallel  to  provide  a  12  Volt  power  source. 

The  generators  tested  consisted  of  a  270  x  100  mm  aluminum 
heat  collector  plate  8  mm  thick  with  two  HZ-20  modules  were 
mounted  on  the  plate.  A  0.254  mm  thick  wafer  of  A1203  was 
placed  on  each  side  of  the  module  for  electric  isolation  and 
Wakefield  thermal  grease  was  used  on  each  side  of  the 
insulation  wafer.  A  single  aluminum  extruded  heat  sink 
measuring  270  x  105  mm  and  85  mm  high  was  placed  on  the 
insulated  modules.  Two  styles  of  heat  sink  were  used  in  the 


Figure  3:  HZ-20  Module 

Table  2:  Properties  of  the  HZ-20  Module 

Width  and  Length 
Thickness 

Special  Order 
Weight 

Compressive  Yield  Stress 
Number  of  Active  Couples 
Design  Hot  Side  Temperature 
Design  Cold  Side  Temperature 
Maximum  Continuous  Temperature 
Maximum  Intermittent  Temperature 
Thermal  Conductivity 
Heat  Flux 
Power* 

Load  Voltage 
Internal  Resistance 
Current 

Open  Circuit  Voltage 
Efficiency 

*Minimum  value  at  design  temperatures  and  matched  load 

The  heat  sink  was  cooled  by  a  12  Volt  fan  which  is  mounted 
above  the  heat  sink  to  blow  cooling  air  down  over  the  heat  sink 
extrusion.  Three  fans  ranging  from  0.9  Watts  to  2.2  Watts  were 
tested.  The  2.2  Watt  fan  was  ultimately  selected  for  use. 

The  heat  sink  and  the  collector  plate  were  pressed  against  the 
modules  by  four  sets  of  Bellville  spring  washer  stacks  which 
pressed  against  the  end  of  the  heat  sink  fins.  A  stud  passed 
through  each  spring  stack  and  heat  sink  and  was  threaded  into 
the  collector  plate.  The  spring  force  was  adjusted  to  provide 
about  14  kg/cm2  of  pressure  on  the  module  by  a  nut  on  the 
upper  end  of  the  stud  which  presses  against  the  spring  stack. 


Value 

2.95”  (7.5  cm) 
0.2”  (0.508) 

1 1 5  Grams 
10  ksi  (70  Mpa) 
71  couples 
230°C  (450°F) 
30°C  (85°F) 
250°C  (480°F) 
400°C  (750°F) 
0.024  W/cm2K 
9.54  W/cm2 
19  Watts 
2.38  Volts 
0.3Q 
8  Amps 
5.0  Volts 
4.5% 
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Test  Results 

Temperature  of  the  stove  top  vary  with  both  position  and  time. 
It  is  dependent  on  how  and  when  the  fire  is  laid,  and  to  some 
extent,  the  outside  temperature  because  that  affects  the 
frequency  of  adding  new  wood. 

The  temperature  was  measured  at  full  fire  and  normal  fire 
conditions  for  locations  across  the  stove  top.  Table  3  presents 
the  variations  in  the  stove  top  temperature. 


Table  3: 
Location 


Stove  Top  Temperature  Variations 
Full  Fire  Normal  Fire 


Left  Front 
Left  Rear 
Right  Front 
Right  Rear 


320°  -  340°C 
335°  -  350°C 
220°  230°C 
180°  -  190°C 


195°  -  200°C 
2 1 0°  -  220°C 
160°- 165°C 
145°-  150°C 


The  left-rear  position  was  selected  to  install  the  generator. 
This  selection  was  made  not  only  because  of  the  high 
temperatures  available,  but  also  because  it  did  not  interfere 
with  the  Family’s  normal  use  of  the  stove.  Figure  4  is  a 
picture  of  the  stove  with  the  generator  in  the  left  rear  of  the 
stove.  The  person  shown  loading  fuel  into  the  stove  is  Mrs. 
Lasko,  one  of  the  occupants  of  the  farm. 


Figure  4:  Wood  Stove  with  Generator  at  Left  Rear 

A  data  logger  was  used  to  record  the  temperature  variations  to 
the  stove,  the  heat  sink,  and  the  ambient  as  a  function  of  time 
between  7:20AM  and  10:10AM.  These  variations  are  shown 
in  Figure  5. 

Experience  showed  that  the  best  generator  output  was 
obtained  during  the  morning  hours  when  the  ambient 
temperature  was  low  and  the  stove  was  being  fueled 
frequently.  During  this  time  the  output  of  the  generator  was 
about  10  Watts.  As  the  temperature  in  the  kitchen  stabilized 
during  the  day,  the  output  decreased  to  between  4  and  7 
Watts.  This  generator  output  supplied  the  battery  with  a  net 
input  of  from  1  to  5  Watts. 


It  was  found  that  the  generator  with  the  heat  sink  with  all 
vertical  fins  performed  better  than  the  one  with  a  combination 
of  vertical  parallel  fins  and  angled  fins.  This  generator  was 
therefore  left  for  the  field  testing  for  the  1995/1996  winter 
season. 

Problem  Areas  and  Possible  Solutions 

The  results  provided  here  are  for  the  first  prototypes.  Many 
lessons  have  been  learned  from  these  tests  and  changes  will 
be  made  to  improve  the  generator’s  operation. 

One  problem  that  must  be  face  is  that  the  top  to  these  old  cast 
iron  stoves  are  not  very  flat  and,  in  addition,  the  flatness 
changes  with  the  temperature.  This  can  cause  a  large 
temperature  drop  between  the  stove  top  and  the  heat  collector. 
Several  recommendations  have  been  given  to  remedy  the  non¬ 
flat  problem.  One  is  to  articulate  the  heat  collector  so  that  it 
can  conform  to  the  stove  top  more  easily.  Another  is  to 
provide  a  compliant  pad  possibly  made  of  copper  felt  or  other 
materials  between  the  stove  top  and  the  bottom  of  the  heat 
collector. 

A  related  problem  is  that  the  current  generator  merely  sits  on 
the  stove  top  under  its  own  weight.  The  heat  transfer  would 
be  improved  if  it  could  be  clamped  to  the  stove  top  with  some 
type  of  spring  loaded  device. 

Another  option  may  be  to  make  the  heat  collector  and  circular 
burner  as  one  piece.  In  this  way  the  heat  collector  would  be 
heated  directly  by  the  fire  and  hot  gases  in  the  stove.  This 
would  require  the  removal  and  replacement  of  the  existing 
burner  cover  when  the  generator  is  used. 

Cooling  air  for  the  heat  sink  is  obtained  from  a  point  directly 
over  the  stove  top.  The  air  temperature  in  this  location  is 
much  higher  than  the  ambient  and  therefore  causes  a  higher 
heat  sink  temperature  which  results  in  a  lower  module 
efficiency.  Experience  has  shown  that,  over  small 
temperature  variations,  one  can  obtain  twice  the  increase  in 
power  by  lowering  the  module  cold  junction  temperature  than 
can  be  obtained  in  raising  the  hot  junction  temperature  the 
same  amount.  This  is  because  the  peak  in  the  figure-of-merit 
(Z)  curve  is  near  100°C  and,  for  the  same  temperature 
difference  across  the  module,  one  gains  more  in  average  Z  as 
the  hot  temperature  is  decreased  than  one  loses  from  the 
decrease  in  Carnot  efficiency. 

One  possible  solution  to  the  heat  sink  problem  is  to  locate  the 
fan  remotely  away  from  the  stove  top  air.  Cooler  air  would 
then  flow  to  the  heat  sink  through  a  lightweight  duct  and 
lower  its  average  temperature. 

Another  area  that  needs  improvement  is  the  DC/DC 
converter.  These  devices  are  usually  designed  for  optimum 
operation  at  a  fixed  voltage  input.  Since  the  output  of  the 
stove  top  generator  changes  over  a  relatively  wide  range 
during  its  operation,  it  is  off  optimum  much  of  the  time. 
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What  may  be  required  to  solve  the  DC/DC  converter  problem 
is  a  fuzzy  logic  or  smart  controller  which  can  sense  the 
operating  conditions  of  the  generator  and  automatically  adjust 
the  DC/DC  converter  to  provide  optimum  performance  for  the 
current  input  conditions. 

Conclusions 

The  stove-mounted  generator  for  use  in  remote  areas  is 
operating.  While  the  power  output  today  is  less  than  the 
modules  can  produce,  the  prototype  generator  can  easily  be 
modified,  as  discussed  above,  to  improve  the  output  of  the 
design. 

The  best  results  are  that  the  occupants  of  the  farm  where  it  is 
installed  are  pleased  with  the  unit.  They  now  have  electric 
light  and  can  watch  some  TV  during  the  long  winter  night. 

An  unverified  side  benefit  of  the  generator  is  that  it  may  have 
decreased  the  amount  of  fuel  the  Laskos  bum.  This  is 
because 


the  small  fan  used  to  cool  the  generator  heat  sink  also 
circulates  air  around  the  kitchen.  This  results  in  air  mixing 
which  provides  a  noticeably  more  uniform  room  temperature 
and  a  higher  comfort  level. 
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Free  convection  and  electrical  generation 
with  thermoelectrics 

Jean  BUFFET  consulting  engineer 


Abstract  The  main  advantage  of  thermoelectricity 
compared  to  conventions!  techniques  of  refrigeration  and  electri¬ 
city  generation  lies  in  the  absence  of  mechanical  parts  such  as 
motors  and  compressors 

Free  convection  based  exchangers  yield  maximal  safety  due 
to  the  absence  of  fan  or  pump 

We  describe  an  electricity  generating  thermoelectric  unit  of 
above  type  ;it  is  designed  for  a  small  nuclear- powered  submarine 
suitable  for  deep  sea  oil  prospection 

The  purpose  of  the  unit  is  to  power  an  aiann  system  in  case  of 
reactor  failure 


can  activate  an  alarm  device  with  which  it  is  possi¬ 
ble  to  locate  the  submarine. 

Nevertheless  it  is  not  possibles n  this  way  ,  to 
produce  an  electrical  power  large  enough  to  activate 
circulating  pumps  for  water  or  another  liquid  like 
oil 

Thus  free  convection  is  chosen  for  the  heat 
transfer  between  liquids  and  exchangers  in  order  to 
create  a  difference  of  temperature  between  the  two 
sides  of  the  thermoelements 
Moreover  free  convection  gives  an  extrasafety  as 
electric  motors  and  pumps  are  absent 

2/Description  of  the  thermoelectric  unit 

The  reactor  is  placed  inside  a  special  steel  sphere 
(HY8G)of  3,66  m  diameter.  It  is  not  allowed  to  have 
bolts  or  pipes  through  the  reactor  shell  ; 
consequently  a  second  spherical  shell  is  built  over 
the  reactor  and  is  welded  on  it  making  a  reservoir 
filled  with  oil  heated  by  free  convection  from  the 
reactor  irradiated  water  which  circulates  by  ther¬ 
mosiphon  .  ( fig  1) 


1/_Hov  the  unit  chooser)  as  an  example  is  expec¬ 
ted  to  be  used 

A  small  1500  kW  nuclear  powered  submarine  is 
designed  for  deep  sea  oil  prospection  especially 
under  the  northern  polar  ices  . 

In  case  of  reactor  failure  ,one  needs  to  locate  the 
submarine  without  using  accumulators  because  of  the 
toxic  gases  they  would  release  in  a  narrow  space. 
As  a  matter  of  fact  the  temperature  of  the  irra¬ 
diated  water  in  the  stopped  reactor  goes  down 
slowly  from  1GO*C  to  4G°C  within  140  minutes 
In  this  critical  phase  ,  the  submarine  lies  on  the 
bottom  of  the  ocean  where  the  temperature  of  the 
water  is  5°C  .Thus  we  have  two  heat  reservoirs 
(cold  sea  water  and  hot  irradiated  water)  having  a 
temperature  difference  evolving  between  95  K  and 
35  K  within  140  minutes  . 

A  thermoelectric  generator,  based  on  the  two  re¬ 
servoirs,  can  generate  a  DC:  electric  current  which 
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irradiated  hot  water  /  f-  -> 

reactor  shell  r  =  1  830  mrr  I  IQ  c. 

The  exchangers  are  made  of  an  aluminium  based  ting  material  is  spread  on  the  shell  under  the  ex¬ 
alloy  having  a  good  thermal  conductivity  (180W/  changers  in  order  to  avoid  leakage  of  current 


(K*rn))and  a  low  electrical  resistivity  (4,5/1 0- 
n*m  )  Each  plate  (52  rnmx52  mm)  is  provided  with 
74  pins  2,8  mm  diameter  and  40  mm  long  (  fig  2) 
so  that  the  surface  area  in  contact  with  water  or 
oil  is  large  with  a  low  friction  power  . 

The  plate  and  the  pins  form  a  single  cast  unit  so 
that  there  is  no  contact  resistance  between  plate  and 
pins 

A  bolt  in  the  middle  of  the  exchanger  tightens 
the  shell  of  the  oil  reservoir  between  two  plates 
.These  plates  are  made  bendable  by  means  of  a  cir¬ 
cular  slot  which  allows  the  exchanger  to  press 
against  the  spheric  shell  (  radius  1830  mm)  with 
a  very  low  contact  resistance 
The  thermoelements  (14mmdiam.  ,  1.5mm  thick)are 
brazed  on  two  copper  plugs  and  make  with  them  a 
”  button”  .The  buttons  have  a  planar  side  and  a 
spherical  one  .  By  means  of  the  central  bolt  the 
button  lean  on  the  exchanger  but  can  slip  with  the 
thermal  dilatation  without  dangerous  shearing  strain 
on  the  thermoelements. 

The  electric  current ,  produced  by  the  Seebeck  effect 
in  the  thermoelements  ,  go  through  the  exchanger 
plates.  A  film  of  electrical  (but  not  thermal )  insula- 


37  Calculating  the  electrical  power  (Pel) 
of  the  unit 

The  electrical  power  (Pel)  and  the  thermal  power 
(Pth)  pumped  from  the  hot  water  are  computed 
with  an  approximate  value  of  the  oil  temperature  and 
free  convection  coefficients  (Hsw  ,Hoil)  ;in  fact 
Hsw  and  Hoil  depend  on  the  unknown  surface  tem¬ 
perature  of  the  exchangers  . 

The  thermal  power  (Pth)  is  compared  to  the  data 
resulting  from  the  heat  transfer  through  the  shell  of 
the  reactor  with  the  difference  of  temperature  bet¬ 
ween  hot  water  and  oil 

A  new  oil  temperature  result  in  a  new  electrical 
power  and  so  on  .  The  iteration  is  repeated  until  a 
sufficiently  small  difference  between  the  two  va¬ 
lues  of  Pth  is  achieved 

The  result  is  summerized  in  the  table  1  here 
under  with: 

_Thw  irradiated  hot  water  temperature 
-Toil  oil  temperature 
-Pel  electrical  Power 

_Pth  thermal  Power  pumped  from  irradiated 
hot  water 
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table  rr  l  Free  convection 


[  Tkai> 

j  1  HTT 

i _ 

Ta  ;i 
fUll 

Ha  1 

rvi 

ni-k 

rm 

V 

Hsw 

Hoil 

E 

maM 

°C 

w 

w 

Y 

Wi'(m2*K) 

W,'(m2*K) 

% 

100 

65.5 

1  137 

67  900 

36.6 

68 

48 

i.7 

85 

IEBH 

710 

59  200 

28.5 

52 

43 

1  .3 

60 

I 

276 

17.8 

31 

29 

0.8 

40 

23.7 

85 

9.8 

19 

21 

0.5 

TABLE  n°  2  Forced  convection 
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_¥  current  voltage  in  TE  unit 
_Hsv  free  convection  coefficient  between  sea 
water  and  exchanger 

-Hoil  free  convection  coefficient  between  oil 
and  exchanger 

_E  unit  efficiency  =Pel  /  Pth 

4/_Compari3on  with  a  forced  convection 
unit 

When  inspecting  table  1  ,  we  see  that  the  efficiency 
is  very  low  (  0.5  X  to  1.7  %  )  as  a  result  of 
the  small  free  convection  factors  (  19  to  68 

W/(m2*IC)) 

A  unit  with  a  sea  water  pump  has  been  computed 
in  parallel  to  the  free  convection  unit  ;  the  results 
appear  in  the  table  2  ,  with  the  same  number  of 
thermoelements. 

We  see  that  the  available  electrical  power  Pel  is 
2.5  time  higher  because  of  the  sea  water  forced 

convection  factor  H3v=  2798  W/(m2*K)  instead 
of  68  to  19  W/(m2*K) 

It  would  be  possible  to  reduce  the  number  of  ther¬ 
moelements  to  3000  (instead  of  8000  in  the 
free  convection  unit)  with  the  same  available  elec¬ 
trical  power  Pel  However  using  a  pump  with  an 
electrical  motor  results  in  a  loss  of  safety 

Comparing  the  tvo  unities  gives  the  price 
to  be  paid  for  the  absolute  safety  of  the 


free  convection  unit 

8000  TE  instead  of  3000  TE  for  the 
forced  covection  unit 
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Electronic  Structure  of  Semimetals  from  Transport  and  Fermiology  Experiments. 


A.  C.  Ehrlich  and  D.  J.  Gillespie 
U.  S.  Naval  Research  Laboratory,  Washington  D.  C.  20375 


Abstract 

For  at  least  thirty  years  most  of  the  generic  features  desirable 
in  a  material  to  have  potential  for  a  high  thermoelectric  figure 
of  merit  have  been  known  and  generally  not  disputed.  Most 
of  these  involve  some  aspect  of  the  electronic  structure.  The 
latter  can  be  measured  or  at  least  qualitatively  evaluated  using 
traditional  transport  and  fermiology  experiments.  These 
include  temperature  dependent  electrical  resistivity,  low  and 
high  field  Hall  effect  and  magnetoresistance,  and  the 
Shubnikov-de  Haas  (or  equivalently  de  Haas-van  Alphen) 
effect.  In  this  paper  the  theoretical  basis  for  this  kind  of  an 
evaluation  will  be  given,  with  emphasis  on  the  semimetallic 
class  of  materials  where  most  thermoelectrics  are  found  but 
which  present  their  own  problems.  The  four  experimental 
techniques  mentioned  above  will  be  described  and  some  of  the 
subtleties  of  the  data  reduction  and  analysis  illustrated. 

Background. 

An  understanding  of  and  predictive  power  over  electronic 
transport  properties  must  start  with  a  knowledge  of  the 
electronic  structure.  This  requires  the  execution  and 
interpretation  of  experiments  designed  to  elucidate  various 
aspects  of  the  electronic  structure.  When  the  electronic 
structure  may  be  sensitive  to  the  parameteric  conditions 
(temperature,  kinds  and  strengths  of  fields,  etc.),  then  it  is 
preferable  that  these  experiments  be  carried  out  under  the  same 
conditions  that  obtain  during  the  electronic  transport 
phenomena  of  interest. 

In  good  metals,  which  may  be  defined  as  materials  whose 
Fermi  energy,  Ef,  is  approximately  1 .0  electron  volts  or  more 
from  the  band  edge,  the  situation  is  simplest.  Many 
experimental  electronic  structure  determination  techniques  are 
most  powerful  when  carried  out  on  metals.  Furthermore, 
because  kT«Ef  will  obtain  over  the  entire  temperature  range, 
determinations  carried  out  at  low  temperatures  can  be  expected 
to  accurately  reflect  the  situation  at  higher  temperatures  absent 
magnetic,  crystallographic  or  other  phase  transformations. 
Importantly,  data  acquired  at  all  temperatures  can  be  reliably 
interpreted  within  Fermi-Dirac  (F-D)  or  quantum  statistics. 
Intrinsic  semiconductors  may  not  be  amenable  to  quite  as 
many  experimental  techniques  but  they  will,  at  least  behave 
according  to  Maxwell-Boltzman  (M-B)  or  classical  statistics 
at  almost  all  temperatures  which  simplifies  the  interpretation 
of  experimental  data. 

Most  of  the  best  known  thermoelectric  materials  are 
semimetals  for  which  the  situation  is  much  more  complicated. 
Unlike  an  intrinsic  semiconductor,  in  these  materials  the 
number  of  charged  carriers,  electrons  or  holes,  does  not 
approach  zero  as  the  temperature,  T,  goes  to  zero.  Thus,  at 
sufficiently  low  temperatures  kT«Ef  where  Ef  is  measured 
from  the  nearest  band  edge  and  roughly  Ef<  0. 1  ev.  When  this 
inequality  obtains,  Fermi-Dirac  statistics  hold  and  the 
material  will  behave  much  like  a  metal  so  that  most  of  the 
low  temperature  fermiology  experiments  can  be  used  to  study 
the  electronic  structure.  Further,  many  of  the  other  electronic 


properties  are  amenable  to  metallic  like  interpretations.  If  the 
same  properties  are  examined  as  a  function  of  increasing 
temperature,  however,  unlike  a  good  metal,  they  will  manifest 
changes  associated  simply  with  the  transition  from  quantum 
toward  classical  statistics  and  not  necessarily  with  any  other 
changing  electronic  structure. 

In  this  paper  we  shall  discuss  the  use  of  four  phenomena  used 
in  the  investigation  of  electronic  structure  of  conducting 
materials,  to  wit;  electrical  resistivity,  Hall  effect, 
magnetoresistance  and  Shubnikov-de  Haas  (or  equivalently  de 
Haas-van  Alphen)  effect.  Since  all  of  these  excepting  the 
electrical  resistivity  involve  the  use  of  magnetic  fields,  it  is 
necessary  to  define  the  magnitude  regimes  of  magnetic  field. 
In  solids,  the  relevant  magnetic  field  parameter  is  the 
cyclotron  frequency,  go,  where  co=eB/m*  and  e  is  the  charge  of 
the  electron,  B  the  magnetic  induction  and  m*  the  (cyclotron) 
effective  mass.  The  five  regimes  of  field  are  generally  defined 
as1,  (i)  cox«l,  the  low  field  limit,  (2)  cox-1,  the 
intermediate  field  limit,  (3)  cox»l,  the  high  field  limit,  (iv) 
1nco)kT,  the  quantum  oscillation  regime,  (v)  tuo)Ef,  the 
quantum  limit.  Here  h  is  Planck’s  constant  divided  by  In  and 
X  is  the  electron  (or  hole)  lifetime  or  scattering  time.  We 
shall  have  nothing  more  to  say  regarding  regime  (v),  the 
quantum  limit.  Firstly,  to  our  knowledge  it  has  rarely  been 
achieved  and  secondly,  while  interesting  in  its  own  right,  it  is 
not  now  a  tool  for  the  investigation  of  the  electronic  structure 
of  materials. 


semimetals  discussed  in  this  paper.  In  la  the  energy  gap,  EG, 
between  bands  is  much  larger  than  any  temperature  of  interest 
so  that  holes  are  never  created.  In  lb  electrons  and  holes 
coexist  at  all  temperatures  but  their  numbers  will  increase 
with  temperature. 
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It  is  also  necessary  to  distinguish  between  two  types  of 
semimetals.  In  what  we  shall  call  here  type  1  or  one  band 
material,  an  electron  (hole)  band,  with  a  characteristic 
semimetal  density  of  electrons  (holes)/volume,  is  separated 
from  the  nearest  fully  occupied  (empty)  band  by  a  gap  large 
compared  to  any  temperature  of  interest  as  shown  in  figure  la. 
This  could  be,  for  example,  a  heavily  doped  semiconductor.  A 
semimetal  in  which  two  bands  overlap  giving  rise  to  equal 
numbers  of  electrons  and  holes  (again  in  the  semimetal 
density  range  at  T=0)  in  the  conduction  and  valence  bands 
respectively  will  be  called  type  2  as  shown  in  figure  lb. 
Bismuth  is  such  a  material.  The  number  of  electrons  and 
holes  will  both  increase  with  temperature,  but  of  course 
remain  equal  in  magnitude.  There  is,  of  course,  a  third 
category  of  semimetal  in  which  there  are  electrons  or  holes 
but  not  both  and  temperature  excitations  created  electron  hole 
pairs  in  bands  empty  or  full  at  low  temperatures.  This 
situation  will  not  be  discussed  in  this  paper  as  the 
consequences  are  relatively  apparent  given  an  understanding  of 
types  1  and  2. 

Electrical  Resistivity 

Unlike  the  case  of  a  metal  or  an  intrinsic  semiconductor,  the 
Boltzman  equation  with  a  relaxation  time  mechanism 
representing  the  electron  scattering  processes  cannot,  in 
general,  be  solved  in  closed  form  for  a  semimetal.  This  is 
because  the  electron  gas  follows  neither  the  low  temperature 
F-D  nor  the  M-B  statistics,  but  varies  between  them  as  a 
function  of  temperature.  As  a  consequence  the  position  of  the 
Fermi  energy  the  nature  of  the  screening  of  the  ionized 
impurities  and  electron-phonon  interaction  are  all  functions  of 
temperature.  Ehrlich  and  Gillespie2  developed  expressions  for 
the  temperature  dependent  electrical  resistivity  for  a  variety  of 
semimetallic  electronic  structures  within  the  spherical  band 
approximation  and  evaluated  them  numerically.  Certain 
features  of  the  resistivity  are  characteristic  of  certain  features 
of  the  electronic  structure  and  can  be  used  diagnostically. 

The  simplest  cases  of  a  one  band  and  two  band  (with  hole  and 
electron  band  masses  equal)  calculation  are  shown  in  figures 
2a  and  2b.  The  impurity  induced  resistivity  and  phonon 
induced  resistivity  have  been  calculated  separately  (inevitable 
deviations  from  Matthiessen’s  rule  have  not  been  taken  into 
account)  and  their  relative  magnitude  in  figure  2  is  not 
meaningful.  Figure  2a  shows  a  one  band,  15  mev  Ef  at  T=0 
material.  The  rising  impurity  induced  resistivity  with 
temperature  is  a  consequence  of  the  increasingly  less  effective 
coulomb  screening  with  temperature  provided  by  a  more 
nearly  classical  rather  than  a  F-D  electron  gas.  This  feature 
vanishes  with  increasing  Ef.  The  upward  curvature  with 
increasing  temperature  of  the  phonon  induced  resistivity 
comes  from  an  increasing  electron-phonon  coupling  and  hence 
an  increasing  electron  scattering  matrix  element. 

Figure  2b  shows  the  temperature  dependence  of  a  two  band 
material  with  20  mev  overlap  (10  mev  Ef).  Here  the  number 
of  electrons  and  holes,  n,  both  increase  with  temperature 
which  is  the  primary  reason  for  the  fall  of  the  impurity 
resistivity  with  temperature  (p~l/o~l/n)  .  A  second 
contribution  is  the  improving  screening  with  increasing  n. 
The  phonon  induced  resistivity  is,  of  course,  zero  at  T=0  and 
rises  with  temperature.  Eventually,  however,  its  rate  of 
increase  is  overwhelmed  by  the  increasing  number  of  carriers 


and  the  resistivity  falls,  somewhat  akin  to  a  semiconductor. 
A  number  of  graphitic  materials  have  exhibited  peaks  in  their 
electrical  resistivity  not  unlike  that  shown  in  figure  2b.2 


Figure  2.  Model  temperature  dependence  of  both  impurity 
induced  (solid  line)  and  phonon  induced  (dashed  line) 
resistivity  for  the  corresponding  semimetals  shown  in  figures 
la  and  lb.  Figure  2a  represents  a  one  band  material  with 
Ef=\5  mev.  Figure  2b  represents  a  two  band  material  with  Ef 
10  mev  from  both  the  electron  and  hole  band  edges. 

Hall  Effect 

If  a  magnetic  field  is  applied  perpendicular  to  a  current  in  a 
material,  in  general,  a  voltage  (the  Hall  voltage,  Vjj)  will  be 
created  in  the  third  direction,  perpendicular  to  both  the  current 
and  the  field,  which  is  proportional  to  the  product  of  their 
magnitudes.4  The  constant  of  proportionality  is  called  the 
Hall  coefficient,  Rh;  i.e.,  Vh=RhIB.  In  the  simplest  models, 
spherical  Fermi  surfaces,  isotropic  and  energy  independent 
scattering  times,  t,  Rh  depends  only  on  the  density  of 
electrons  and  holes.  In  reality,  x  is  almost  never  isotropic 
and  only  in  metals  can  one  often  assume  energy  independence. 
For  semimetals  the  energy  dependence  of  x  is  critical  and  the 
spatial  anisotropy  is  usually  neglected  to  make  the  theoretical 
expressions,  and  therefore  interpretation  of  data,  manageable. 

Low  Magnetic  Field  Limit  fcoxccll 

Spherical  bands  with  isotropic,  but  energy  dependent, 
relaxation  times  are  assumed.  As  usual,  analytical  expressions 
can  only  be  given  if  either  Ef»kT  or  Ef«kT.  For  the 
former,  metallic  expressions  hold  and  the  Hall  coefficient,  Rh 
is4 
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Rh  =  1/ne  single  band, 

Rh  =  (l/e)[(l/ni)(ai/a)2  +(l/n2)(G2/G)2]  two  bands 

where  Gj  is  the  conductivity  for  the  individual  bands,  G  is  the 
total  conductivity  and  n|  are  the  carrier  concentrations  for  the 
individual  bands  with  a  negative  or  positive  sign  for  electrons 
and  holes  respectively. 

If  kT»Ef,  then  it  is  necessary  to  include  an  energy 
dependence  in  the  isotropic  relaxation  time.  Classical  electron 
gas  expressions  hold  which  are^ 

Rh=(  1  /ne)<t  2>/<x>2  ( 1 ) 

where  <t>=4/(3k  1  /2) jx(E)x3/2e“xdx,  x=E/kT 

The  brackets  <>  indicate  an  average  over  occupied  states.  For 
the  case  of  phonon,  x~E~1/2,  and  ionized  impurity  t~E3/2, 
scattering  respectively, 

<x2>/<x>2  =  3jc/8  =  1.18  t(E)~E-1/2  (2) 

<x2>/<x>2  =  31571/512=  1.93  x(E)~E3/2  (3) 

It  is  clear  from  equations  1-3  that  interpreting  temperature 
dependent  Hall  data  is  not  entirely  straightforward.  For 
example  in  measuring  the  Hall  coefficient  as  a  function  of 
temperature  starting  at  low  temperatures  one  might  find  a 
monotonically  falling  Rh  with  increasing  temperature.  A 
plausible  interpretation  would  be  thermal  excitation  of 
electrons  from  lower  to  higher  bands  leaving  behind  high 
mobility  holes  -  a  kind  of  change  of  the  electronic  structure. 
However,  it  is  also  true  that  at  sufficiently  low  temperatures 
the  electron  scattering  will  be  dominated  by  ionized  impurity 
scattering  which  will  change  over  to  phonon  dominated 
scattering  as  the  temperature  rises.  From  the  equations  above 
it  is  clear  that  from  this  alone,  a  single  band  transitioning 
from  quantum  to  classical  statistics  as  the  temperature  rises, 
also  results  in  a  decreasing  Rh- 

High  Magnetic  Field  Limit  (cox»l  but  ~hco<  <  kT) 

The  Hall  effect  in  the  high  field  limit  is  perhaps  the  most 
powerful  tool  available  for  elucidating  the  electronic  structure 
of  conducting  materials.  It  is  relatively  quick  and  simple  to 
carry  out  and  yet  the  results  do  not  depend  on  the  details  of  the 
scattering  processes  or  on  an  assumption  of  spherical  bands 
but  only  on  the  number  of  carriers  in  the  band,  or  in  the  case 
of  multiple  bands  of  electrons  and  holes,  on  the  difference  in 
the  number  of  electrons  and  holes.  The  only  major  weakness 
is  that  the  high  field  limit  is  usually  achievable  only  at  low 
temperatures  and  in  pure  materials  or  ordered  stoichiometric 
materials  very  nearly  right  on  stoichiometry.  However  it  is 
still  much  more  easily  achieved  than  the  quantum  oscillation 
regime  and  does  not  necessarily  require  single  crystals  to  be 
useful.  The  results  for  either  quantum  or  classical  statistics, 
i.e.  ,  kT«Ef  or  kT»Ef  are^’7 

RH^l/ne  single  band 

RH=(l/e)[l/(ne-nh)]  two  bands 


Magnetoresistance 

The  magnetoresistance  is  usually  defined  as  [p(B)- 
p(0)]/p(0)=Ap/p  where  p(B)  and  p(0)  are  the  resistance  with 
and  without  an  applied  magnetic  field.  We  consider  here  only 
effects  arising  directly  from  the  action  of  the  Lorentz  force 
acting  on  charges  moving  through  a  magnetic  field;  i.e.,  we 
are  ignoring  such  effects  as  localized  magnetic  spin 
alignments,  magnetic  field  driven  transitions,  etc.  For  the 
most  part,  Lorentz  force  induced  magnetoresistance  can 
provide  only  qualitative  information  regarding  the  electronic 
structure  of  conducting  materials.  For  a  single  spherical 
Fermi  surface  with  isotropic,  energy  independent  T,  Ap/p  will 
be  zero.  In  real  materials,  this  never  occurs.  In  the  low  field 

limit,  the  theories  predict  Ap/p~p2  for  essentially  all  other 
electronic  or  scattering  circumstances  making  unambiguous 
detailed  interpretations  of  data  essentially  impossible. 
Magnitudes  of  magnetoresistance  have  been  used  to 
qualitatively  evaluate  "strengths”  of  energy  dependence  of  X, 
for  example,  but  more  can  not  be  reliably  said. 

In  the  high  field  limit  the  magnetoresistance  can  provide  one 
specific  and  important  insight.  As  the  magnetic  field  is 
increased,  Ap/p  will  initially  vary  as  B2.  As  the  condition 
wt>l  is  approached  Ap/p  will  become  concave  downward  and 
approach  saturation  at  some  constant  value  provided  the 
material  is  "uncompensated",  i.e.,  the  number  of  electrons 
does  not  equal  the  number  of  holes.  If  the  two  carrier  types 
are  equal  in  number,  the  material  is  compensated,  and  Ap/p 
will  continue  to  grow  quadratically6.  This  is  true  in  quantum 
as  well  as  classical  statistics  and  does  not  require  spherical 
Fermi  surfaces  or  any  particular  property  of  x.  The  magnitude 
of  the  magnetoresistance  will  depend  on  these  properties  but 
not  the  B  dependence. 

So-called  open  Fermi  surfaces  are  a  separate  case  which  would 
not  be  expected  to  occur  very  often  in  semimetals  and  will  not 
be  considered  here.  For  a  summary  of  theoretical  expectations 
for  open  Fermi  surfaces  see  Fawcett8. 

Shubnikov-de  Haas  (  de  Haas-van  Alphen)  Effect 

The  Shubnikov-de  Haas  (S-dH)  and  de  Haas-van  Alphen  (dH- 
vA)  effects  both  arise  in  the  quantum  oscillation  regime  of 
magnetic  fields  where  "hco^kT  and  are  among  the  most 
common  and  important  of  the  Fermiology  techniques.  The  S- 
dH  (dH-vA)  effect  is  the  oscillatory  magnetoresistance 
(magnetic  susceptibility)  as  a  function  of  B  that  arises  when  B 
quantizes  the  electron  orbits  in  states  whose  energy  in 
proportional  to  B  ^  As  B  increases,  a  succession  of  clusters 
of  permitted  states  separated  by  forbidden  energy  regions 
passes  from  below  (in  energy)  to  above  the  Fermi  surface.  As 
the  permitted  and  forbidden  levels  pass  through  the  Fermi 
surface  the  magnetoresistance,  magnetic  susceptibility  and 
other  phenomena  that  depend  on  the  density  of  states  at  the 
Fermi  surface  will  oscillate.  The  frequency  of  these 
oscillations,  F,  is  given  by  F='hA/27te  where  A  is  an 
extremal  area  of  the  Fermi  volume  in  k  space  perpendicular  to 
the  applied  B.  For  a  given  direction  of  B  relative  to  the 
crystal  axes  there  may  be  multiple  extremal  areas  due  to  either 
the  shape  of  the  Fermi  surface  and/or  having  many  pieces  of 
Fermi  volume.  Each  area  gives  rise  to  a  unique  frequency 
which  superimpose  in  the  signal  but  these  may  be  sorted  out 
by  applying  a  Fourier  transform  to  the  data.  One  then  rotates 
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B  some  degrees  relative  to  the  sample,  usually  staying  in  the 
major  symmetry  planes  of  the  sample,  and  repeats  the 
experiment.  By  repeating  this  process  in  several  symmetry 
planes  many  times  one  obtains  extremal  areas  as  a  function  of 
direction  in  the  crystal. 

For  complex  Fermi  surface  shapes  sophisticated  tomographic 
techniques  are  needed  to  extract  the  shape.  For  much  simpler 
geometries,  such  as  ellipsoidal  shapes  arising,  for  example, 
from  a  more  or  less  quadratic  dependence  of  energy  on  wave 
vector,  i.e., 

E=[F2/2]  {kx2/mx+ky2/my+kz2/mz}  (4) 

one  can  guess  the  shape  of  the  Fermi  volumes  as  elipsoidal 
and  calculate  the  predicted  extremal  areas  as  a  function  of  the 
orientation  of  B.  If  the  predictions  fit  the  data,  the  shape  is 
determined. ^>9  This  was  done  in  reference  10  from  which 
figure  3  has  been  taken.  The  circles  are  experimentally 
determined  S-dH  frequencies.  The  lines  drawn  through  them 
are  predicted  frequencies  for  three  separate  ellipsoidal  surfaces 
designated  SI,  S2  and  S3.  The  fit  is  excellent  and  provides  a 
high  degree  of  confidence.  Furthermore,  the  volume  of  the 
largest  ellipsoid  is  equal  to  the  sum  of  the  volume  of  the  two 
smaller  ellipsoids  consistent  with  the  fact  that  the  number  of 
electrons  must  equal  the  number  of  holes  in  this  compound. 
Furthermore,  this  indicates  that  no  significant  size  piece  of 
Fermi  volume  is  likely  to  have  gone  undetected. 


Figure  3.  Shubnikov-de  Haas  frequencies  as  a  function  of  the 
orientation  of  the  applied  magnetic  field  relative  to  the 
principal  axes  of  the  crystal  from  reference  10.  The  open 
circles  are  data  and  the  lines  are  the  predicted  results  for  three 
specific  ellipsoidal  volumes. 

It  is  also  possible  to  obtain  the  cyclotron  effective  masses, 
Mj,  for  all  the  extremal  orbits  by  measurement  of  the 
amplitude  of  the  oscillations  as  a  function  of  temperature  at  a 
given  magnitude  of  B.10*1 1  Mj  is  given  by 

Mi=(ti2/2TTKdAi/dE).  (5) 

Using  the  equations  4  and  5  and  the  usual  expression  for  the 
area  of  a  cross  section  of  an  ellipsoid  in  terms  of  its  radii,  the 
ki's,  one  can  obtain  the  band  effective  masses,  m^ll  Then 
assuming  constant  m,  from  the  band  edge  to  the  Fermi  surface 
one  can  estimate  the  Fermi  energy  from  equation  (4).  For  a 
semimetal,  where  the  Ef  is  relatively  close  to  the  band  edge 
this  approximation  should  be  reasonable.  It  might  be  very 


poor  in  a  good  metal  where  Ef  is  much  further  from  the  band 
edge. 

Theoretical  concepts  and  calculations  can  be  invoked  to  assist 
in  the  final  interpretation  of  the  data.  When  multiple  pieces 
of  Fermi  surface  are  present,  band  structure  calculations  even 
when  imprecise  can  guide  the  detailed  interpretation  as  to  such 
things  as  where  in  k  space  they  reside  and  whether  they  are 
electrons  or  holes.  When  frequencies  in  the  data  are  detected 
that  are  sums  and  differences  of  other  frequencies  it  can  be  an 
indication  of  magnetic  breakdown^  which  can  further  specify 
the  location  of  the  various  pieces  of  Fermi  surface.  An  even 
number  of  total  electrons/cell  means  that  the  number  of 
electrons  and  holes  in  the  outer  bands  must  be  equal.  This 
helps  identify  which  of  these  the  volumes  detected  represent. 
The  Fermi  surface  must  reflect  at  least  the  symmetry  of  the 
crystal.  It  can  be  more  symmetric,  for  example  a  sphere,  but 
not  less. 

When  all  of  these  steps  can  be  executed,  one  ends  with  a  very 
complete  picture  of  the  electronic  structure  in  the  conduction 
and  valence  band.  What  limits  the  power  of  the  S-dH  effect 
are  the  requirements  and  difficulties  in  carrying  it  out.  The 
material  must  be  in  the  form  of  a  rather  perfect  single  crystal, 
which  can  not  always  be  made,  and  the  magnetic  fields  must 
be  even  higher  to  achieve  the  quantum  oscillation  regime  than 
in  the  high  field  limit.  Very  low  temperatures  are  necessary 
in  order  to  obtain  measurable  signals  and  a  high  density  of 
data  points  in  B  is  needed  in  order  to  carry  out  a  meaningful 
Fourier  transform.  Finally,  neither  the  data  collection  nor  its 
interpretation  is  quickly  done.  However,  if  these  difficulties 
can  be  overcome,  one  is  left  with  a  rather  complete  picture  of 
those  aspects  of  the  electronic  structure  that  importantly 
influences  transport  phenomena  such  as  thermoelectricity. 

Summary 

Four  experimental  techniques  useful  in  the  elucidation  of 
electronic  structure  of  semimetals,  which  comprise  most 
thermoelectric  materials,  have  been  described  and  discussed. 
The  four  selected  are  techniques  requiring  experimental  skills 
largely  already  possessed  by  experimentalists  working  in  the 
field  of  thermoelectrics  and  therefore  feasible  to  incorporate 
into  their  research  program.  The  presentation  has  been  in 
order  of  increasing  power  of  the  technique,  i.e.,  revealing 
increasingly  detailed  electronic  structure  information.  It  is, 
however,  also  in  increasing  order  of  difficulty  of  execution. 

The  detailed  energy  and  directional  dependence  of  the  relaxation 
time,  T,  must  play  an  important  role  in  the  interpretation  of 
the  magnetoresistance  and  Hall  effect  and  in  fact  in  the 
thermoelectric  power  itself.  Also  of  importance  is  the  fact 
that  in  semimetals  the  current  carriers  will  obey  Fermi-Dirac 
statistics  at  the  lowest  temperatures  and  move  toward  a 
Maxwell-Boltzmann  statistics  approximation  as  the 
temperature  rises.  This  in  itself  will  influence  the  results  of 
transport  experiments  and  must  be  considered  when  analyzing 
and  interpreting  data. 

Finally,  the  most  powerful  Fermiology  techniques  must  be 
carried  out  on  nearly  perfect,  stoichiometric  materials  so  as  to 
achieve  a  long  mean  free  path  and  at  low  temperatures  for  the 
same  reason,  whereas  the  best  thermoelectric  materials  are 
usually  off  stoichiomety  and  used  at  higher  temperatures. 
Theoretical  band  structure  calculations  are  also  most  easily  and 
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usually  carried  out  at  the  stoichiometric  composition. 
Understanding  the  actual  thermoelectric  material,  therefore, 
requires  some  kind  of  "extrapolation'*  of  the  experimental 
determinations  with  the  help  of  theoretical  band  structure 
calculations  and  some  model  such  as  the  rigid  band  model. 
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Abstract 

This  work  is  directed  at  the  fabrication  and  optical 
characterization  of  anisotropic  semiconductor  composites 
with  improved  thermoelectric  properties.  Specifically,  the 
quest  is  to  dramatically  improve  the  thermoelectric  figure-of- 
merit,  ZT,  with  an  emphasis  on  the  effects  of 
“nanoconfmement”,  and  on  the  crystallographic  properties 
which  provide  an  increase  in  the  electrical-to-thermal 
conductivity  ratio.  Current  work  entails  the  fabrication  of 
force-oriented  nanostructural  confinement  of  Bismuth  (Bi) 
and  Bismuth  Telluride  (Bi2Te3). 

Background 

In  bulk  semiconductor  materials,  under  large  diameter 
surface-size  and  confinement  conditions,  dimensional  effects 
have  such  a  small  perturbation  on  the  electronic  and  thermal 
(phonon)  transport  properties  that,  in  practice,  confinement- 
size  effects  are  generally  neglected.  However,  as  the 
dimensions  of  the  material  and  its  confinement  in  some  host 
material  diminish,  ultimately  approaching  sizes  on  the  order 
of  the  thermal  deBroglie  wavelengths,  “quantum 
confinement”  effects  ensue  and  a  novel  means  to  engineer  the 
physical  and  electronic  structural  properties  (density-of- 
status,  phonon  scattering,  etc.)  occurs. 

Recently,  several  methods  for  optimizing  the  performance  of 
thermoelectric  (TE)  coolers  have  turned  to  exploiting  modern 
nanofabrication  techniques.  These  push  material 
confinement-size  dimensions  into  the  regime  where 
conduction  transport  effects  should  drastically  improve  the 
TE  material  figure-of-merit. 

In  the  early  90’s,  Hicks  and  Dresselhaus  of  MIT  predicted  the 
quantum  confinement-size  conditions  under  which  the 
thermoelectric  power  (the  Seebeck  coefficient)  and  the 
electrical-to-thermal  conductivity  ratio  could  be  dramatically 
increased  [1].  These  conditions  have  more  recently  been 
further  investigated  by  Lin-Ching  and  Reinecke  of  NRL  to 
include  transverse  quantum  tunneling  effects  through  thin 
insulative  barriers  in  realistic  semiconductor  composite 
systems  of  quantum  well  and  quantum  wire  superlattice 
configurations  [2]. 


The  next  generation  of  thermoelectric  materials  require  a 
dramatic  improvement  in  the  figure-of-merit  (a  factor  of  4  or 
more)  over  those  of  existing  bulk  materials.  In  our  present 
work  we  follow  the  recommendations  of  these  investigators 
[1]  [2]  to  synthesize  improved  thermoelectric  material. 

Nanofabrication 

In  recent  years,  advantage  has  been  taken  of  the  ability  to 
“microfabricate”  insulator-semiconductor  composites  down  to 
subnanoscale  sizes,  thus  providing  a  novel  means  to  tailor 
basic  microstructural-dependent  properties.  Nanofabrication 
techniques  generally  make  appeal  to  highly  sophisticated 
technologies  such  as  molecular  beam  epitaxy  (MBE)  or  metal 
organic  chemical  vapor  deposition  (MOCVD)  on  vicinal 
surfaces,  and  are  usually  combined  with  in  situ  analytical 
techniques  that  ensure  proper  crystallographic  orientation. 
Using  a  different  approach,  our  efforts  employ  high  pressure 
injection  of  a  liquid  semiconductor  melt  into  parallel  arrays  of 
hollow,  insulate  nanocapillaries  or  channels.  The  channels 
serve  as  a  template  for  the  embedded  semiconductor  material 
and  provide  an  insulative  framework,  hosting  bundles  of 
nanometer-diameter  semiconductive  wires.  On  cooling,  the 
semiconductor  core-fill  material  is  ciystallographically 
“force-oriented”  into  preferentially  -oriented  crystallites,  as 
described  below. 

In  the  present  work  we  are  utilizing  the  efforts  originally 
initiated  and  established  earlier  at  our  laboratory  by  Carmen 
Huber  and  Tito  Huber  on  nanocrystalline  composites  [3].  In 
this  effort,  both  oriented  Bi2Te3  (and  Bi)  crystallite 
aggregates  ,  force-confined  in  aluminum  oxide  (A1203) 
nanochannels,  and  randomly-oriented  Bi2Te3 
nanocrystallites,  confined  in  a  porous-glass  (Silica) 
honeycombed  network  are  synthesized.  In  the  preferentially 
oriented  materials,  crystallite  orientation  is  made  possible  by 
the  crystal  lattice  bonding,  being  weakest  along  the  hexagonal 
c-axis.  The  crystallites  will  be  oriented  with  the  c-axis 
perpendicular  to  the  confining  wall.  X-ray  diffraction 
spectrum  peaks  of  Bi2Te3  impregnated  in  the  nanochannels  is 
evidence  of  how  the  semiconductor  is  oriented  in  respective 
channels  [3].  With  the  random-oriented  Bi2Te3 
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nanocrystallites  (in  the  nanophase  glass  network),  x-ray 
diffraction  spectra  indicate  random  aggregate  Bi2Te3 
orientations. 

Commercially,  channel  templates  of  60  micron  length 
channels,  200  nm  in  diameter  are  available  [4].  In  the  quest 
toward  ever-smaller  wire  diameters  we  are  fabricating 
nanochannels  employing  an  anodic  oxidation  processes, 
using  ultra-pure  aluminum  as  the  starting  material. 
Employing  this  technique,  channel  diameters  on  the  average 
of  about  10  nm  are  reported  [5],  With  the  random-oriented 
porous-glass  (Si02),  average  pore  sizes  down  to  about  56 
angstroms  are  possible.  To  obtain  parallel  oriented  channels, 
with  different  types  of  insulating  materials  (other  than 
A1203),  at  these  subnanometer  dimensions,  we  have  started 
investigating  channels  etched  from  nuclear  particle  track 
damage.  The  passage  of  heavy  positively  charged  particles 
creates  narrow  ionization-produced  defect  paths  on  the  atomic 
scale  which  are  then  preferentially  etched  out.  In  some 
inorganic  insulators  the  channels  are  about  70-80  angstroms 
in  diameter  [6]. 

To  impregnate  templates  of  the  porous  glass  networks  or 
nanochannels  with  semiconductor  material,  a  high 
temperature,  high  pressure  autoclave  is  used.  In  most 
instances,  the  liquefied  semiconductor  melt  is  hydrostatically 
pressed  into  the  channel  voids  at  a  few  thousand  psi.  The 
high  pressure-impregnation  vessel  is  required  to  be  operated 
at  these  moderately  high  pressures  in  order  to  overcome  the 
surface  tension  between  the  capillary  walls  and  the  particular 
liquid  semiconducting  material  being  embedded.  From  a  TE 
device  standpoint,  electrical  connectivity  between  the  ends  of 
a  large  bundle  of  semiconductor  wires  in  any  given  area  of 
the  nanochannel  template  is  very  important,  yet  very  difficult 
to  achieve  in  practice. 

Optical  Characterization  of  the  Composites 

In  a  parallel  effort  with  the  nanocomposite  fabrication  we 
have  been  setting  up  a  laser  system  to  simultaneously  measure 
the  TE  material  figure-of-merit  transport  parameters. 
“Contactless”  electrical  and  thermal  conductivity 
measurements  are  planned.  Current  efforts  at  the  University 
of  Maryland’s  Institute  of  Atomic  and  Molecular  Materials 
Science  and  Engineering  are  directed  at  obtaining 
preliminary  Z-parameter  Data.  Two  experimental  systems 
are  set  up:  1)  a  pulsed  laser  (flash)  technique  for  measuring 
thermal  diffusivity,  and  2)  a  pulsed  ruby  laser  bolometry 
technique  for  measuring  electrical  conductivity.  These 
measurements  provide  the  electrical-to-thermal  conductivity 
ratio  for  the  thermal  diffusivity  tensor  component  which  is 
oriented  parallel  to  the  electrical  current  flow. 

The  experiments  are  configured  such  that  the  coupling  of  two 
measurements,  through  the  change  in  the  material  specific 
energy,  eliminates  the  need  for  an  independent  measurement 
of  the  specific  heat  in  order  to  determine  the  thermal 
conductivity  from  the  thermal  diffusivity.  Pulse  laser 


techniques  enjoy  popularity  because  they  don’t  suffer  the 
uncertainties  typically  associated  with  thermocouple  methods. 
Thermocouple  inaccuracies  are  generally  attributed  to  wire 
thermal  mass,  response  times  and  variations  in  composition 
of  the  wires  and  their  junctions  -even  if  intrinsic-type 
thermocouples  are  employed.  Once  more,  this  is  especially 
true  with  the  transient  temperature  response  effects  typically 
associated  with  thermal  diffusivity  measurements.  Such 
considerations  are  even  more  significant  in  measurements 
conducted  on  heterostructured  microcomposites  such  as  those 
considered  here,  where  points  of  secondary  couples  might 
corrupt  the  measurement. 

Conclusion 

In  summary,  following  the  direction  of  previous  investigators, 
we  are  nanofabricating  heterojunctioned  composites  of 
semiconductors  embedded  in  nanochannel  templates  to 
improve  the  performance  of  the  next  generation  of 
thermoelectrics.  We  are  optically  measuring  the  influences 
on  the  figure  of  merit  transport  properties  of  Bi  and  Bi2Te3 
nanowire  arrays,  resulting  from  the  diminishing  nanochannel 
confinement  of  the  wires.  Ultimately,  investigations  will 
proceed  to  subnanosize  channels  to  subsequently  examine  the 
effects  of  synthesized  quantum  confined  wire  structures. 
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Abstract 

Understanding  the  states  of  the  metal  electrode-semiconductor 
junctions  is  important  for  improving  the  performance  of  the 
thermoelectric  devices.  Tunneling  spectroscopy  has  been 
applied  to  the  evaluation  of  metal-semiconductor  Schottky 
junctions.  In  this  study,  tunneling  spectroscopy  is  applied 
to  understanding  the  states  of  a  metal/Bi2Te3  or  a  metal/Bi2Se3 
junction.  Bi2Te3  and  Bi2Se3  single  crystals  were  prepared  by 
Bridgman  method.  The  metal  contacts  were  made  on  the 
cleavage  surface  of  BijTej  or  Bi^  by  the  thermal  evaporation 
in  the  vacuum  of  10 3  Pa.  All  tunnel  conductance  were 
measured  at  4.2  K.  Mg/,  Al/  and  Ag/Bi2Te,  junctions 
exhibit  V  -  shaped  tunnel  conductance  curves  which  indicate 
that  these  contacts  are  the  Schottky  barrier.  A  Au/Bi2Te3 
junction  shows  a  flat  conductance  characteristic,  so  that  we 
expect  to  be  an  ohmic  contact  formed  in  this  junction.  It 
becomes  clear  that  the  Schottky  barrier  is  formed  on  the  Mg/, 
Al/,  or  Ag/-Bi2Te3  junction.  In  the  case  of  Au/  or  Al/Bi2Se3 
is  also  formed  the  Schottky  barrier.  Since  Bi2Tc3  and  BijSe^ 
which  are  narrow  energy  gap  semiconductors,  form  the 
Schottky  barriers  with  those  metals,  the  characterization  of 
metal-semiconductor  contacts  is  important  to  improve  the 
performance  of  thermoelectric  devices. 

1.  Introduction 

Thermoelectric  devices  consisting  of  semiconductor-metal 
junctions  have  attracted  considerable  attention  because  of  their 
high  potential  in  energy  conversion  without  producing  any 
harmful  substances'11.  In  general,  it  is  required  to  improve  a 
performance  of  the  thermoelectric  devices  whose  constituent 
semiconductors  should  have  high  figure  of  merit.  Many 
kinds  of  materials  have  been  studied  to  enhance  the  figure  of 
merit12’31.  Especially,  Bi2Te3  and  its  related  materials  have 
been  applied  to  thermoelectric  energy  conversion  devices 
which  exhibit  their  high  thermoelectrical  figure  of  merit'4’51  of 
Z=3xl0’3  K’1  in  the  room  temperature  region.  On  the  other 
hand,  it  needs  to  understand  the  effect  of  electrode  metals  on 
the  carrier  transport  since  thermoelectric  devices  have  metal  - 
semiconductor  -  metal  configuration.  The  Schottky  barriers 
have  been  researched  on  metal  -  narrow  energy  gap 


semiconductor  junction,  such  as  Au-InSb'61,  Al-Hg^Cd^Te'71 
and  so  on.  Conventionally,  the  investigation  of  the 
Schottky  barriers  has  been  examined  by  capacitance  -  voltage 
(C/V)  characteristics  and  current  -  voltage  (I /V) 
characteristics.  However,  these  evaluation  techniques  give 
only  the  barrier  height  of  the  Schottky  barriers. 

Tunneling  spectroscopy  has  been  applied  to  the 
investigation  of  the  contact  types  in  metal-semiconductor 
junctions.  V-shaped  tunnel  conductance  has  been  observed  in 
the  Schottky  barriers'8’101.  Furthermore,  it  can  observe  the 
disordered  states  of  the  metal  atoms  distributed  in  the 
semiconductor1111.  In  the  present  paper,  we  present  the 
dependence  of  variety  in  electrode  metals  on  the  tunnel 
conductance  in  the  metal/Bi2Te3  and  /Bi2Se3  junctions.  The 
effect  of  metal  work  function  on  the  contacts  will  be 
discussed.  We  also  discuss  about  the  electron  affinity  of 
Bi2Te3  and  Bi2Se3. 

2,  Experimental 

Single  crystals  of  Bi2Te3  and  Bi2Se3  were  grown  by  the 
Bridgman  method  using  99.9999%  Bi,  Te  and  Se.  The 
crystals  were  cut  into  5  mm  x  5  mm  in  size  using  a  wire  saw 
with  a  600-mesh  silicon  carbide  slurry.  Immediately  on 
cleaving  the  crystal  in  air  to  be  about  1  mm  in  thickness,  the 
sample  was  set  up  in  the  Bell-jar  of  the  evaporator. 

Mg,  Al,  Ag  or  Au  was  chosen  as  an  electrode  to  form  an 
contact  on  the  cleaved  plane  of  Bi2Te3  and  Bi2Se3  because  the 
work  function  of  Mg,  Al,  Ag  and  Au  are  3.70,  4.20,  4.31,  and 
4.70  eV,  respectively'121.  The  metal  was  evaporated  through 
a  mask  having  three  holes  of  1  mm  in  diameter.  The  metal 
of  the  same  kind  was  also  deposited  on  the  another  side  of  the 
cleaved  sample.  All  metals  of  about  100  nm  in  thickness 
were  deposited  under  a  vacuum  of  10’3  Pa. 

The  measurement  configuration  is  shown  in  Fig.l.  The 
tunnel  conductance  dl/dV  was  measured  by  the  conventional 
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Fig.  1  Measurement  configuration  of  tunnel  conductance 

modulation  technique  with  modulated  signal  applied  of  50  kHz 
in  frequency  and  of  4  mV  rms  in  amplitude.  Experiments 
were  carried  out  at  liquid  helium  temperature.  The 
composition  of  the  single  crystals  was  confirmed  by  electron 
probe  micro-analysis  (EPMA).  Secondary  ion  mass 
spectroscopy  (SIMS)  was  used  to  measure  the  distribution  of 
the  metal  elements  in  the  sample.  The  carrier  concentration 
of  the  single  crystals  was  evaluated  from  Hall  coefficient  data 
at  room  temperature  with  magnetic  field  of  0.3  T. 


Fig.  2  Tunnel  conductance  of  Au/Bi2Te3  junction 


3.  Results  and  discussion 
Fig  .2  shows  tunnel  conductance  in  a  Au/Bi2Te3  junction. 
Positive  bias  corresponds  to  raising  the  Fermi  level  of  the 
semiconductor  with  respect  to  that  of  metal  electrodes. 


Tunnel  conductance  of  a  Mg/Bi2Se3  junction  is  similar  to  that 
shown  in  Fig.2.  Because  the  measured  tunnel  conductance  is 
independent  on  the  bias  voltage  and  noisy,  the  ohmic  contact 
is  formed  in  Au/Bi2Te3  and  Mg/Bi2Se3  junctions. 


Bias  Voltage  V  [mV] 


Fig.  3  Tunnel  conductance  curve  of  Mg/Bi2Te3  and 
Al/Bi2Te3  junctions. 


Bias  Voltage  V  [mV] 


Fig.  4  Tunnel  conductance  curve  of  Au-Bi2Se3  and 
Al-Bi2Se3  junctions. 


405 


15th  International  Conference  on  Thermoelectrics  (1996) 


Fig.3  shows  tunnel  conductance  of  Al/Bi2Te3  and  Mg/Bi2Te3 
junctions.  V-shaped  tunnel  conductance  was  observed  in 
these  junctions  and  also  in  Au/Bi2Se3  and  Al/Bi2Se3  junctions 
as  shown  in  Fig.4.  Therefore,  it  is  considered  that  the 
Schottky  barrier  is  formed  in  Al/BijTe^  Mg/Bi2Te3,  Au/Bi2Se3 
and  Al/Bi2Se3  junctions.  All  tunnel  conductance  curves 
show  a  conductance  minimum  at  OmV.  The  bias  voltage 
where  the  conductance  minimum  is  shown  corresponds  to  a 
degeneracy  in  the  semiconductor1131.  Therefore  the  Fermi 
level  in  Bi2Tej  and  Bi2Se3  is  located  near  the  valence  band  edge 
and  the  conduction  band  edge,  respectively.  On  the  other 
hand,  the  carrier  concentration  of  the  Bi^  and  Bi2Se3  are 
6x10“  cm'3  (p-type)  and  lxlO23  cm'3  (n-type)  at  300  K, 
respectively.  The  observed  carrier  concentration  slightly 
decreases  with  decreasing  the  temperature.  These  results 
demonstrate  also  that  Bi2Te3  and  Bi2Te5  are  lightly  degenerated. 


Fig.  5  Tunnel  conductance  of  Ag/Bi2Te3  junction. 

Fig.5  shows  tunnel  conductance  of  a  Ag/Bi2Te3  junction. 
Since  the  measured  tunnel  conductance  shows  a  V-shaped 
curve,  the  Schottky  barrier  is  considered  to  be  formed  in  this 
junction.  On  the  other  hand,  we  found  a  zero  bias  anomaly 
around  zero  bias  voltage  region,  that  is,  Ag  and  Bi2Te3  consist 
of  disordered  states  at  their  interface.  Fig.  6  shows  the  SIMS 
depth  profile  of  the  Ag/Bi2Te3  junction.  The  mutual 
diffusion  of  the  Ag,  Bi  and  Te  elements  at  interface  were 
observed  clearly.  We  can  assume  that  this  mutual  diffusion 
yields  to  the  disordered  states  at  the  interface.  However,  the 


effects  of  the  disordered  states  on  the  thermoelectric  properties 
has  not  been  clear  at  present. 

The  electron  affinity  will  be  discussed  in  more  detail.  An 
energy  band  gap  of  Bi2Te3  is  calculated  to  be  about  Eg=0.175 
eV  from  the  data1’41  of  the  energy  gap  at  300  K  and  the 
temperature  coefficient  of  the  energy  gap  of  dEg/dT=-0.95  x 
10"4  eV/K.  In  the  case  of  Bi2Te3,  the  Fermi  level  is  located 
near  the  valence  band  edge.  The  ohmic  contact  is  formed 
when  the  work  funtion  of  metals  is  4.7  eV.  Here  the  energy 
level  is  measured  from  a  vacuum  level.  On  the  other  hand, 
the  contact  type  of  metal/Bi2Te3  junctions  is  the  Schottky 
type  when  the  work  function  of  metals  is  lower  than  4.3 
eV.  Therefore  the  top  of  the  conduction  band,  which  is 
called  an  electron  affinity,  is  estimated  to  be  between  4.125  eV 
and  4.525  eV.  We  can  also  estimate  the  Bi2Se3  electron 
affinity  is  beween  3.7  eV  and  4.2  eV. 

1E+7 

1E+6 

lE-ttf 


1 E+4 

1E+3 

1E+2 

1E+1 


As  a  result,  it  is  important  to  choose  the  metal  elements  as 
an  electrode  considering  the  work  function  of  metals  for 
forming  the  ohmic  contact  in  the  thermoelectric  junctions. 

It  is  also  important  factors  that  the  distributed  metal  elements 
in  the  semiconductor  exist  at  interfaces. 

5.  conclusions 

The  Schottky  barrier  can  be  made  when  Mg,  A1  or  Ag  metal 
of  comparably  low  work  function  is  brought  into  contact  with 
Bi2Te3.  The  Schottky  barrier  also  can  be  made  in  the  case  of 
Au/Bi2Se3  or  Al/Bi2Se3.  In  these  cases  the  electron  affinity 
of  Bi2Te3  and  Bi2Se3  seem  to  be 4.125  to  4.525  eV  and3.7  to 
4.2  eV,  respectively.  A  kind  of  disordering  has  been  found 
in  the  Schottky  barrier  of  Ag/Bi2Te3  junction.  SIMS 
measurement  shows  Ag  atoms  migrate  to  the  surface  of  the 


Time  (minutes! 


Fig.  6  SIMS  depth  profile  of  the  Ag/Bi2Te3  junction 
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Bi2Te3  crystal  in  the  Schottky  barrier.  The  electron 
tunneling  spectroscopy  offers  unique  methods  to  obtain 
information  on  the  metal  -  semiconductor  contacts  consisting 
of  the  thermoelectric  semiconductors  such  as  Bi2Te3  and 
Bi2Se3. 
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Abstract 

Tunneling  study  was  made  on  Bi2Tc3  and  Sb2Te3  at  4.2 
K,  77  K  and  295  K.  Energy  gap  of  Bi2Te3  was  estimated 
to  be  0.25  eV,  0.22  eV  and  0.20  cV  at  4.2  K,  77  K  and  295 
K,  respectively. 

Introduction 

Bi2Te3  and  Sb2Te3  belong  to  the  class  of  layer  semicon¬ 
ductors  whose  structure  consists  of  five  atomic  planes  in 
the  sequence  of  Te-Bi-Te-Bi-Te  (Sb-Te-Sb-Tc-Sb).  These 
materials  and  their  mixed  materirals  have  been  utilized  for 
thermoelectric  devices  widely. 

Many  studies  have  been  made  so  far  on  their  band  struc¬ 
tures,  [1-4]  especially  their  band  edge  structures. [5-8]  It 
was  clarified  by  many  galvanomagnetic  and  thermoelectric 
measurements  that  the  band  structures  of  these  materials 
were  very  complicated  and  consisted  of  two  extrema  in  the 
conduction  band  and  two  in  the  valence  band  placed  in 
different  points  of  the  Brillouin  zone.  The  energy  sepa¬ 
ration  between  the  two  extrema  in  the  valence  band  (the 
upper  and  lower  valence  band)  was  reported  as  20.5  mcV 
by  Kohler.  [6]  However,  all  data  obtained  from  these  mea¬ 
surements  involved  some  models  for  interpretation  of  the 
experimental  results.  There  have  been  rather  few  direct 
measurements  of  the  energy  gaps  in  these  materials  except 
for  some  optical  measurements.  [1,2,8]  According  to  the  op¬ 
tical  measurements,  the  energy  gap  at  room  temperature 
in  Bi2Te3  is  near  0.15  eV  [1]  and  increases  with  decreasing 
the  temperature,  and  that  in  Sb2Te3  is  near  0.24  eV  [2] 
with  similar  temperature  dependence. 

Tunneling  spectroscopy  is  one  of  the  most  promising 
technique  for  the  investigation  of  band  edge  structure  be¬ 
cause  the  energy  resolution  is  high  and  the  energy  positions 
of  the  valence  and  conduction  band  edges  are  measured 
with  respect  to  the  Fermi  energy.  In  the  present  study, 
tunneling  spectroscopy  measurements  were  carried  out  in 
order  to  investigate  the  energy  gaps  and  the  band  scj>- 
arations  in  the  high  quality  single  crystal  of  Bi2Te3  and 
Sb2Te3  at  295  K,  77  K  and  4  K. 


Experimental 

Bi2Te3  and  Sb2Te3  single  crystals  were  grown  by  a  modi¬ 
fied  Bridgman  method  from  polycrystalline  materials.  The 
starting  polycrystalline  materials  in  the  stoichiometric  com¬ 
position  were  synthesized  from  5 N  purity  elements  in  the 
conical  quartz  ampoules.  The  grown  crystals  can  be  easily 
cleaved  perpendicular  to  the  C3  trigonal  axis.  Cleavage 
was  carried  out  in  liquid  nitrogen  by  a  razor  blade.  The 
obtained  surface  had  large  mirrorlike  area. 

In  our  tunneling  spectroscopy,  two  methods  were  em¬ 
ployed  to  fabricate  the  Metal /Insulator/Semiconductor  tun¬ 
neling  junction.  One  is  the  point-contact  type  tunnel¬ 
ing  junction  using  tantalum  oxide  as  the  insulator.  Fig¬ 
ure  1  shows  our  tunneling  unit.  Thin  polished  tantalum 
wire,  whose  surface  was  oxidized  in  oxigen  atmosphere,  was 
pressed  onto  the  sample  surface.  A  thin  phosphor  bronze 
plate  spring  was  used  to  stabilize  the  junction,  and  gold 
wires  were  attached  to  the  sample  surface  by  indium  solder¬ 
ing  to  obtain  ohmic  contacts.  In  order  to  avoid  the  effect 
of  the  voltage  drop  across  the  series  resistance,  the  four- 
terminal  method  was  employed.  In  another  method,  vac- 


phosphor 

bronze 


Figure  1:  lYinneling  unit. 
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uum  gap  was  used  as  the  tunneling  barrier  and  evapolatcd 
silver  film  was  used  as  the  counter  electrode.  The  clearance 
between  the  sample  surface  and  the  counter  electrode  was 
adjusted  by  the  piezoelectric  actuator.  We  mainly  used  the 
former  technique,  but  both  methods  yielded  basically  sim¬ 
ilar  results.  We  used  the  standard  modulation  technique 
to  obtain  the  first  and  second  derivatives  of  the  tunneling 
current. 

Results  and  Discussion 

Figure  2  shows  the  tunneling  d I/dV-V  characteristics  in 
Bi2Tc3.  The  curves  at  4.2  K  and  295  K  were  obtained  by 
the  modulation  technique,  while  that  at  77  K  was  obtained 
by  the  numerical  integration  of  the  d 2I/dV2-V  curve  in 
Fig.3,  which  was  obtained  by  the  modulation  technique.  In 
Fig. 2,  the  positive  bias  corresponds  to  the  higher  electron 
energy  in  the  sample  in  which  the  conduction  band  lies. 


Figure  2:  The  tunneling  dF/dV-V  charaetesitics  in  Bi2Te3 
at  295  K,  77  K  and  4.2  K. 

It  is  known  that  Bi2Te3  ha s  two  band  extrema  both  in 
the  conduction  band  and  valence  band.  The  schematic 
density  of  states  is  shown  in  Fig. 4 (a)  as  a  function  of  elec¬ 
tron  energy.  The  tunneling  dl/dV-V  reflects  the  profile  of 
the  density  of  states,  particular^  the  critical  energy  such 
as  the  band  edge. 

Fig.4(b)  shows  the  corresponding  d2// dV2-V .  The  higher 
order  derivative  is  suitable  for  the  search  of  a  critical  en¬ 
ergy  in  the  density  of  states,  because  a  band  edge  structure 
is  shown  by  a  peak  structure.  However,  such  peak  struc¬ 
tures  are  usually  smeared  due  to  the  thermal  fluctuations 
and  other  factors  as  shown  in  Fig. 4(c).  In  this  case  the  po¬ 
sitions  of  the  peaks  in  Fig. 4(b)  correspond  to  the  positions 
of  maximum  slope  of  the  curve  in  Fig.4(c). 

Figure  3  shows  the  d2 1 /dV2-V  characteristics  for  Bi2Te3. 
The  curves  at  4.2  K  and  295  K  are  derived  from  Fig.2  by 
the  numerical  differentiation.  The  curve  at  77  K  is  the 
measured  one.  In  each  curve,  a  peak  structure  is  found 


Sample  Bias(V) 

Figure  3:  The  tunneling  d2I/dV2-V  charaetesitics  in 
Bi2Te3  at  295  K,  77  K  and  4.2  K. 

which  is  indicated  by  the  arrow.  This  structure  is  attir- 
buted  to  the  conduction  band  edge,  and  the  position  mea¬ 
sures  the  energy  separation  of  the  conduction  band  and  the 
Fermi  level.  The  sample  is  strong  p-type  and  the  top  edge 
of  the  valence  band  structure  seems  to  lie  around  V  =  0. 

The  energy  separation  of  the  two  extrema  of  the  valence 
band  is  small,  and  due  to  the  thermal  fluctuations,  it  seems 
indistinguishable  at  295  K.  At  lower  temperature,  due  to 
the  presence  of  a  zero  bias  anomaly,  the  valence  band  ex¬ 
trema  is  difficult  to  be  obtained  from  Fig.3. 


Figure  4:  Schematic  dl/dV-V ,  d2 1 /dV2-V  and  d3F/dV3- 
V  charaetesitics,  reflecting  the  band  edge  structures. 

As  is  shown  in  Fig.4(d),  the  two  extrema  of  the  valence 
band  will  be  indicated  as  two  peaks  in  the  d 3I/dV3-V 
plots  which  are  derived  from  the  d2// dV2-V  curve.  The 
experimental  plots  of  d3//dF3near  zero  bias  are  shown  in 
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Sample  Bias(mV) 

Figure  5:  The  tunneling  d3// dV3-V  characteristics  in 
Bi2Tc3  at  77  K  for  small  bias  voltage. 


Sample  Bias(V) 

Figure  7:  The  tunneling  d2I/dV2-V  characteristics  in 
Sl)2Te3  at  295  K,  77  K,  and  4.2  K. 


Fig.5,  for  two  samples  measured  at  77  K.  The  overall  hump 
structure  is  the  zero  bias  anomaly. 

Shoulders  are  seen  on  both  sides  of  the  bias  which  are 
indicated  by  arrows.  If  these  shoulders  are  attributed  to 
the  two  extrema  of  the  valence  band,  the  energy  separa¬ 
tion  of  them  is  estimated  to  be  18  dh  2  meV.  This  value  is 


Sample  Bias(V) 

Figure  6:  The  tunneling  dl/dV-V  characteristics  in 
Sb2Te3  at  295  K,  77  K,  and  4.2  K. 

in  fairly  good  agreement  with  the  value  of  20.5  mcV,  for 
the  energy  separation  of  two  extrema  in  the  valence  band, 
obtained  by  Kohler  by  means  of  the  Shubnikov-de  Haas 
effect  measurement.  [6] 

According  to  the  result  in  I?ig.5,  the  top  of  the  valence 
band  lie  at  about  6  ineV  above  the  Fermi  level.  From 
this  value  and  the  positions  of  the  conduction  band  edge 
indicated  by  the  arrows  in  Fig.2,  and  assuming  that  the 
position  of  the  Fermi  level  stays  at  same  position  for  vari¬ 


ous  temperature,  the  energy  gap  of  Bi2Te3  is  estimated  to 
be  0.25  cV,  0.22  eV  and  0.20  eV  at  4.2  K,  77  K  and  295 
K,  respectively. 

For  each  curve  in  Fig. 3,  a  small  peak  structure  is  ob¬ 
served  at  about  90meV  higher  than  the  arrowed  peak. 
At  present,  we  cannot  identify  this  peak  to  the  higher 
extremum  of  the  conduction  band,  because  the  latter  is 
known  to  have  a  much  higher  density  of  states  than  the 
lower  extremum,  and  thus,  the  peak  should  be  much  larger 
than  that  for  the  lower  extremum.  [5] 

Thnneling  experiments  were  performed  in  Sb2Te3  similar 
to  Bi2Te3.  Figure  6  shows  the  dl/dV-V  characteristics 
in  Sb2Tc3  at  4.2  K,  77  K  and  295  K.  In  this  case,  the 
minimum  position  of  d//dFshifts  to  the  positive  bias  side. 
It  indicates  that  the  Fermi  level  of  Sb2Te3  lie  deeper  in  the 
valence  band  compared  with  Bi2Te3. 

Figure  7  shows  the  d2// dV2-V  derived  numerically  from 
d I/dV-V  in  Fig.G.  The  two  arrows  in  each  curve  indicate 
local  maxima  of  slopes  which  were  observed  commonly  on 
several  samples.  The  positions  of  the  arrows  at  lower  biases 
are  0.14  V,  0.14  V  and  0.14  V  at  4.2  K,  77  K  and  295  K, 
respectively.  Whereas  the  positions  of  the  arrows  at  higher 
biases  are  0.4  V,  0.39  V  and  0.39  V  at  4.2  K,  77  K  and 
295  K,  respectively.  The  separations  of  the  two  peaks  are, 
thus,  0.2G  cV,  0.25  eV  and  0.25  cV  at  4.2  K,  77  K  and  295 
K,  respectively.  These  values  are  rather  close  to  the  optical 
energy  gap  obtained  by  Sehr  et  aL[‘2\  If  we  attribute  these 
values  to  the  energy  gap,  the  peak  at  lower  bias  means 
the  position  of  the  top  of  the  valence  t>and.  However,  the 
value  of  0. 14  eV  seems  to  be  rather  too  high  for  the  energy 
separation  of  the  top  of  the  valence  band  and  the  Fermi 
level  compared  with  the  result  of  about  0.07  eV  obtained 
by  Sehr  et  al[ 2J  More  detailed  study  is  nessesary  in  Sb2Te3. 
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Determination  of  the  Thermal  Band  Gap  from  the  Change  of  the  SEEBECK-Coefficient 

at  the  pn-Transition  in  (Bi0  sSb0  5)2Te3 

E.  Muller,  W.  Heiliger,  P.  Reinshaus,  H.  Siifimann 
Martin-Luther-Universitat  Halle-Wittenberg,  Fachgruppe  Angewandte  Physik,  Germany 


Abstract 

The  range  of  existence  of  the  homogeneous  6-phase  of 
(Bi05Sb05)2Te3  in  the  phase  diagram  (Bi,Sb)-Te  intersects  the 
stoichiometry  line.  N-type  samples  can  be  obtained  by 
Bridgman  growth  with  excess  of  tellurium.  Due  to  the  strong 
tellurium  segregation  the  transition  from  the  p-extrinsic  region 
through  intrinsic  material  to  n-extrinsic  behavior  is  proceeded 
within  a  sample  section  of  several  millimeters  along  axial 
direction.  The  positive  and  negative  maximum  values  S 
and  5max  n  can  be  read  out  from  a  scan  of  the  Seebeck- 
coefficient  by  the  micro-thermoprobe  technique  over  the 
transition  area.  The  p-type  maximum  scan  value  is  in  good 
agreement  with  the  value  deduced  from  the  integral  measure¬ 
ment  of  homogeneous  bulk  samples.  The  width  of  the  thermal 
band  gap  and  the  ratio  of  the  electronic  parameters 
/ uB(md/m0 )3/2  (/*B  -  non-degeneracy  value  of  the  carrier  mobility 
(reduced  to  Boltzmann  statistics);  mjm0  -  reduced  d.o.s. 
mass)  of  holes  and  electrons  are  obtained  from  5maxp  and 
5max  n.  The  mobility  of  holes  as  minority  carriers  exhibits  a 
strong  sensitivity  on  doping  impurities. 

Introduction 

Substances  of  the  solid  solution  (Bi,.A.SbA.)2Te3  have  been  well- 
known  as  p-type  standard  material  for  thermoelectric  appli¬ 
cation  near  room  temperature.  Accompanying  to  the  extension 
of  the  application  range  to  lower  and  higher  temperatures  as 
well  as  for  the  development  of  graded  material  for  generator 
application,  interest  increases  in  a  solid  state  physics  based 
description  of  the  transport  as  a  prerequisite  for  a  systematic 
optimization  far  from  room  temperature.  Multi-stage  Peltier 
cascades  nowadays  reach  a  maximum  temperature  difference 
of  more  than  140  K  (hot  side  at  room  temperature)  [1].  For 
(Bi05Sb05)2Te3  with  reduced  carrier  density  advantageous 
thermoelectric  properties  can  be  expected  below  250  K 
[2], [3]. 

With  respect  to  generator  application  above  room  temperature 
the  question  of  a  possible  widening  of  the  high  efficiency 
temperature  range  obtains  importance  especially  for  p-type 
material,  because  its  performance  descends  rapidly  below  that 
of  n-type  at  temperatures  above  350.. 400  K. 

Model  of  Charge  Transport: 

The  existence  of  more  than  one  sub-bands  in  the  valence  and 
conduction  band  has  been  proved  by  Kohler  [4],  [5]. 
Nevertheless,  band  structure  and  carrier  scattering  calculations 
for  extrinsic  p-type  (Bi0  5Sb0.5)2Te3  and  (Bi025Sb0.75)2Te3  [2] 
showed  a  good  numerical  applicability  of  a  non-parabolic  1- 
valence  band/6-val ley-model  with  mixed  elastic/inelastic 
scattering  on  acoustic  phonons.  The  results  show,  that 


•  a  small  contribution  of  inelastic  scattering  leads  to  a  slight 
lowering  of  the  calculated  FERMi-level, 

•  the  FERMi-level  reaches  values  near  the  expected  position 
of  the  second  valence  band  at  low  temperature, 

•  the  calculated  values  of  the  FERMi-level,  the  effective  mass 
and  the  relaxation  time  constant  depend  on  temperature. 

Estimations  in  the  case  of  mixed  and  intrinsic  conduction  can 
be  based  on  a  simplified  model  (parabolic  band  structure  of 
the  conduction  and  valence  band,  pure  phonon  scattering). 
However,  a  discussion  in  this  model  has  to  take  into  account: 

•  Near  intrinsic  conditions  a  carrier  transition  into  the  more 
distant  from  the  gap  sub-bands  occurs  with  rising  tempera¬ 
ture. 

•  A  mobility  difference  between  the  sub-bands  cause  an 
additional  dependence  of  the  mean  carrier  mobility  on 
temperature  and  FERMi-level. 

•  Compensation  effects  may  cause  a  significant  mobility 
restriction.  Their  influence  decreases  with  rising  tempera¬ 
ture  for  a  constant  number  of  charged  centers. 

Band  non-parabolicity  may  be  neglected  in  the  case  of  non¬ 
degeneracy. 


Fig.  1  Temperature  dependence  of  the  SEEBECK-coefficient 
of  (Bi05Sb05)2Te3  for  varying  carrier  density 


The  SEEBECK-Coefficient  in  the  Range  of  Mixed  and 
Intrinsic  Conduction 

To  estimate  the  maximum  thermoelectric  efficiency  in  material 
influenced  by  intrinsic  conduction,  the  maximum  reachable 
value  of  the  SEEBECK-coefficient  is  of  importance.  It  can  be 
read  out  from  a  bundle  of  experimental  temperature  curves 
(Fig.  1)  and  the  limiting  factors  can  be  classified.  Between 
100.. 400  K  two  processes  are  important  for  (Bi05Sb05)2Te3: 

•  Intrinsic  limit:  The  transition  from  extrinsic  to  intrinsic 
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conditions  takes  place  near  room  temperature.  The  sign  of 
the  curve  slope  changes.  The  upper  envelope  of  the  curve 
bundle  determines  the  extremum  of  the  isothermal  depen¬ 
dence  on  the  FERMi-level. 

•  Inhomogeneity  limit:  Systematically  occurring  strong 
material  inhomogeneity  linked  to  the  sample  dimensions 
required  by  the  measuring  technique  [3]  restricts  the 
magnitude  of  the  thermoelectric  properties  at  low  carrier 
density. 

However,  the  recording  of  the  temperature  dependence  for  a 
series  of  samples  with  tuned  carrier  density  is  laborious.  At 
lower  temperature  the  detection  of  the  intrinsic  limit  in  this 
way  is  impossible,  because  it  is  hidden  by  the  inhomogeneity 
limit. 

With  several  carrier  types  involved,  the  SEEBECK-coefficient 
is  calculated  from  the  partial  coefficients  S{  and  the  partial 
electrical  conductivity  of  all  types 


S  = 


(l) 


For  mixed  and  intrinsic  conduction  near  and  above  room 
temperature  we  can  suppose,  that  only  one  type  of  electrons 
and  holes  each  contribute  to  the  SEEBECK-coefficient.  For  a  p- 
type  semiconductor  with  the  extrinsic  hole  concentration  p0 
near  the  maximum  of  the  SEEBECK-coefficient  holds  an<ap 
and 


S  ~  S  +— 5  «  S  +--^5 

P  „  n  P  p  u 

p  rQ 


mit  n 


Ne'^n 


(2) 


Nc  is  the  d.o.s.  at  the  conduction  band  edge,  and  /xp  are  the 
non-degeneracy  values  of  the  carrier  mobility,  rj  the  reduced 
FERMi-level  of  holes,  %1=E Jkh-T  the  reduced  gap  width. 


The  Smax(T)  value  and  the  belonging  to  it  reduced  FERMi-level 
*?max  depend  sensitively  on  the  gap  width  and  on  the  ratio  of 
the  mobility  and  d.o.s.  mass  of  electrons  and  holes. 


X 

0 

0.25 

0.5 

0.75 

£g(300  K),  meV 

130  [9] 

135  [7] 

140  [9] 

mp,  m2/Vs  [6] 

0.036 

0.034  (Pb) 

0.028 

0.030 

0.036 

/nn,  nWVs  [7] 

0.032  (Te  [6])  0.028  (J.Te) 

0.024  (0.3  J)  0.016  (J) 
0.022  (0.5  J) 

0.018  (1.0  J) 

0.020  (8,  12  Te) 

0.028  (1  J,  annealed) 

(Calculated  values  in  the  parabolic  1-band-model.  Admixtures  in  at%) 

Tab.  1  Thermal  gap  and  mean  values  of  the  material  parameters  mp  and  mn 
for  extrinsic  conduction,  (Bi1_,Sb;t)2Te3  with  addition  of  J  or  Te  (300  K) 

In  the  temperature  range  between  100.. 300  K  SufiMANN  [6] 
found  for  the  p-type  solid  solutions  (Bi1_^SbJC)2Te3  the  indepen¬ 
dence  of  the  electronic  material  parameter  mp  —  /xp(md p/m0)3/2 
of  the  degree  of  degeneracy  for  samples  in  the  whole  range 
from  strong  degeneracy  till  the  rise  of  the  mixed  conduction. 
Uyen  [7]  obtained  the  same  result  for  the  electron  para¬ 
meter  mn= fxn(m6Jm0)V2  for  n-(Bi1_;cSbj)2Te3.  The  values  mp 
and  mu  are  summarized  in  Tab.  1. 

Assuming,  that  the  independence  of  the  majority  carrier 
mobility  of  the  degree  of  degeneracy  can  be  extrapolated  to 


the  region  of  rising  mixed  conduction,  a  change  of  Smax  at 
constant  temperature  is  an  immediate  indication  to  a  change  of 
the  minority  carrier  mobility.  Its  influence  on  Smax  increases 
with  rising  temperature  and  dominates  the  thermoelectric 
properties  of  (Bi0  5Sb0.5)2Te3  above  room  temperature. 

Significant  mobility  restrictions  at  very  low  carrier  concen¬ 
tration  can  be  expected  as  an  effect  of  doping  impurities. 
Conditions  of  partial  compensation  occur  in  sample  areas  with 
mixed  and  intrinsic  conduction  since  the  native  lattice  disorder 
persists.  Band  tails  are  formed.  Carriers  occupying  their  states 
exhibit  a  drastically  reduced  mobility.  Particularly,  this  leads 
to  a  suppression  of  the  minority  conduction. 


Temperature  dependent  characterization  of  carrier  density 
graded  single  crystals  by  the  micro-thermoprobe 

For  a  locally  resolving  determination  of  the  SEEBECK-coeffi¬ 
cient  a  heated  probe  contacts  the  surface  of  the  isothermal 
sample.  The  tip  of  the  probe  is  formed  by  a  thermocouple.  A 
second  thermocouple  is  attached  to  the  sample  with  good 
electric  and  thermal  contact.  The  setup  can  be  thermostated 
between  room  temperature  and  the  nitrogen  boiling  point. 
Between  the  Cu-Cu  and  the  CuNi-CuNi  wires  the  voltages  Ul 
and  U2  are  measured  simultaneously.  They  are  determined  by 
the  temperature  difference  and  by  the  local  SEEBECK- 
coefficient  of  the  heated  sample-volume  near  the  probe.  The 
unknown  temperature  difference  TrTQ  can  be  eliminated  from 
the  equations  and  the  local  SEEBECK-coefficient  S  is  obtained: 

u,  =  (s-Sc.H^-T’o) ,  u2  =  (S-5CuNi)-(r1-r0) 

l/,  c  (3) 

$  \J  -  JJ  "^Cu/CuNi  +  ^Cu 

For  the  determination  of  Smax(T)  a  sample  is  required,  in  which 
conditions  from  extrinsic  p-type  throughout  intrinsity  to  extrin¬ 
sic  n-type  are  proceeded  by  grading  of  the  extrinsic  carrier 
density.  A  suitable  preparation  process  is  given  by  the  strong 
segregation  of  tellurium  in  (Bi1_ASbc)2Te3.  In  the  composition 
range  x< 0.5  the  conversion  to  n-type  can  be  obtained  simply 
by  an  excess  of  Te  (Fig.  3),  for  x> 0.6  the  addition  of  a 
donor  is  necessary.  Addition  of  a  low  concentrated  dopand 
modifies  the  segregation  profiles  in  a  characteristic  way.  Since 
the  doping  component  is  segregating  as  well,  the  resulting 
local  dependence  is  a  superposition  of  relatively  independent 


413 


15th  International  Conference  on  Thermoelectrics  (1996) 


£ 

=3. 


one  from  another  distributions  of  the  carrier  density  and  the 
degree  of  compensation. 

More  than  one  pn-transition 
in  a  line  scan  may  occur  due 
to  a  nonmonotonous  distri¬ 
bution  of  doping  compo¬ 
nents.  If  only  Te  excess  is 
applied,  the  pn-transition  is 
formed  at  the  end  of  the 
ingot.  It  is  shifted  to  the 
central  part  of  the  ingot  (pla¬ 
teau  region  of  the  Te  distri¬ 
bution)  when  a  donor  is  pre¬ 
sent  (Fig.  5,  Fig.  6).  At 
lower  temperatures  the  par¬ 
tial  intrinsic  conductivity 
values  are  very  small  (see 
(2)).  Therefore,  the  sensi¬ 
tivity  of  the  Seebeck  value  pjg  3  SEEBECK-scan  over  the 
to  dopands  is  multiplied,  pn-transition  of  a  Bridgman- 
Even  very  low  variation  of  jng0t  (undoped,  Te-excess) 
its  concentration  may  pro¬ 
duce  a  sign  change  of  the  SEEBECK-coefficient. 


3.00 


2.00 


a  1.00 


CO 


0.00 


-1.00 


T 

C 

c 

X 

§ 

‘S 

o 

p 

L 

l 

-4 

> 

) 

max,p 


•K. 


Smax,n . 


1 

& 

o 

S- 

> 


-7.00  -6.00  -5.00  -4.00  -3.00  -2.00  -1.00  0.00  1.00  2.00 

Fig.  4  Dependence  of  the  SEEBECK-coefficient  on  the 
reduced  FERMl-level  (Model  curve:  T  =  300  K,  rm=0.29, 
rg=4.5) 


Band  Gap  Determination  near  Room  Temperature 

Assuming  Constant  Mobility: 

Relatively  independently  one  from  another,  the  difference  of 
the  extremum  values  of  the  SEEBECK-coefficient  A5  (Fig.  3)  is 
determined  by  the  gap  width  while  their  ratio  rs  is  dominated 
by  rm  (ratio  of  the  electronic  carrier  parameters  of  electrons 
and  holes) 

rm  =  mJmP  >  W 


Both  relations  are  monotonous  functions. 

K  =  Ki^s)  ,  rm  =  rm(rs)  , 


S  ~S 

max,p  max,n  5 


max,p 


(5) 


The  evaluation  of  the  Seebeck  scan  presented  in  Fig.  3 


(extrema:  265/- 170  /xV/K)  yields  for  (Bi0.5Sb0.5)2Te3  at  300 
K:  £g=117  meV,  rm=0.29  (see  Fig.  4).  The  resulting  very 
small  gap  width  and  the  ratio  rm  strikingly  deviating  from 
unity  (to  be  expected  according  to  Tab.  1)  give  evidence,  that 
the  assumption  of  constant  mp  and  mn  (independent  of  the 
FERMl-level)  for  mixed  and  intrinsic  conduction  is  no  more 
valid. 

While  the  values  5maxp  read  out  of  Seebeck  scans  and  those 
from  the  curves  5(7)  (Fig.  1)  are  coinciding,  measurements  of 
the  temperature  dependence  5(7)  for  n-(Bi05Sb05)2Te3  17] 
allow  to  estimate  |5max  n(300  K)|  >200  pVI K,  notably 
differing  from  the  scan  value.  Comparing  the  scans  of  several 
(Bi05Sb0  5)2Te3  samples  containing  a  pn-transition  due  to  Te 
excess  resulted  in  a  comparably  constant  value 
Smax,P~255..270  fiW/ K,  while  5max  n  varied  between  -100  and  - 
220  /xV/K.  It  has  to  be  concluded,  that 

•  the  ratio  rm  in  the  non-degeneracy  range  exhibits  an 
essential  dependence  on  the  FERMl-level, 

•  rm  is  sensitively  influenced  by  donors,  particularly  when  the 
FERMl-level  is  positioned  little  below  the  conduction  band. 

Using  the  ratio  of  the  majority  parameters  (Tab.  1)  which  is 
in  agreement  with  the  largest  intrinsic  limits  observed  for 
(Bi05Sb05)2Te3  at  300  K  (rm® 0.8;  5max>p/n=270/-255  /xV/K),  a 
gap  energy  £g(300  K)~150  meV  is  obtained.  For  realistic 
calculations  has  to  be  recognized,  that  rm  takes  significantly 
different  values  depending  on  whether  conditions  of  extrinsic 
conduction  (5=5p  or  5=5n),  onsetting  mixed  conduction 
(5^5max)  or  dominating  intrinsic  conduction  (5<§5max)  occur. 

Determination  of  the  Parameter  Ratio  for  Intrinsic  Conduction: 

At  intrinsic  conditions  below  room  temperature  the  FERMl- 
level  lies  deep  in  the  gap.  With 

Sn  =  ~(2-0  on  =  Nce<eotia 

k°  <6> 

Sp=  — (2  -T|)  ap  =  Nven  eo  pp 

€o 


(Nv  -  d.o.s.  at  the  valence  band  edge,  f  -  reduced  FERMl-level 
of  the  electrons),  several  distinguished  points  of  the  Seebeck- 
scans  can  be  evaluated: 

a)  Average  of  the  partial  coefficients:  5=(5p+5n)/2 

b)  Zero  position:  5=0 

c)  Intrinsic  position:  n-p 


a)  At  this  position,  the  value  or  the  parameter  ratio  according 
to  intrinsic  conditions  rm(,)  can  be  read  out  immediately: 


=  a 
p  n 


r®  = 


»n-C 


kBf‘  o 


e 


2  S 

*B/eo 


(7) 


b)  With  5p*ap=-5n*an  applies 


p 


N 


_^n 


ec  _T1  =  r. 


(8) 


c)  At  the  intrinsic  position  (p=n ),  with  the  relation 
an/ap=fiJiJ.p=b(')  the  mobility  ratio  under  intrinsic  conditions 
results  from  (1): 
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fc(0  =  5P  5.  (9) 

s-s» 

Hence,  the  ratio  of  the  d.o.s.  masses  of  the  electrons  and 
holes  can  be  obtained  from  rm(l). 

The  determination  of  Sp  and  5„  has  to  be  carried  out  as  a 
geometrical  extrapolation  at  constant  temperature.  The  local 
position  of  intrinsity  can  be  determined  with  good  accuracy 
from  a  SEEBECK-scan  at  low  temperature.  The  local  shift  of 
the  zero  position  in  (Bi0  5Sb0  5),Te3  with  changing  temperature 
leads  to  the  conclusion  of  a  rm(l)  notably  smaller  than  unity. 

Determination  of  the  Thermal  Band  Gap 

The  determination  of  the  band  gap  from  intrinsic  effects 
influencing  the  temperature  dependence  of  the  thermoelectric 
properties  ("thermal  gap")  is  usually  based  on  the  slope  of  the 
logarithmic  plot  ln(o)=f(l/7)  in  the  intrinsic  range  or  on  the 
method  by  Kutasov,  Smirnov  and  Mojzhes  [8], [9]. 
Moreover,  the  gap  width  was  deduced  from  measurements  of 
the  intrinsic  absorption  in  the  infra-red  [10]  ("optical 
gap").  Values  from  both  methods  are  in  good  agreement  for 
Bi2(Te|_vSey)3. 

Literature  data  on  the  thermal  and  optical  gap  width  of 
(Bi,_^Sbx)2Te3  reveal  a  discrepancy  increasing  with  rising 
portion  of  Sb2Te3  in  the  solid  solution.  Contributions  to  the 
difference  arise  from 

•  the  Burstein -Moss-shift  of  the  absorption  edge,  which 
increases  the  experimental  value  of  the  optical  gap 

•  the  neglect  of  inelastic  scattering,  which  leads  to  a  too 
small  thermal  band  gap  (compare  [2]), 

•  mobility  restriction  by  compensation  effects, 

•  a  dependence  on  temperature  and  carrier  energy  of  the  non¬ 
degeneracy  value  of  the  carrier  mobility  /xB. 

Deducing  Eg  from  the  slope  of  the  electrical  conductivity  in 
the  intrinsic  region  [7],  too  low  values  are  obtained,  if  a(T) 
increases  steeper  than  according  to  Tsl2-e^12.  An  increase  of 
the  occupation  of  the  second  sub-bands  can  be  linked  to  a 
change  of  the  mean  carrier  mobility.  Mobility  restriction  due 
to  compensation  effects  in  doped  material  near  intrinsic 
conditions  is  reduced  with  rising  temperature.  This  contributes 
to  a  steeper  dependence  a(T). 

The  method  according  to  [9]  is  based  on  a  separation  of  the 
partial  electrical  conductivity  and  the  partial  SEEBECK-coeffi- 
cient  of  the  carrier  types  by  extrapolating  the  temperature 
dependence  from  the  extrinsic  temperature  range  to  the 
intrinsic  region.  Eg  and  nJ /tp  are  obtained  solving  a  system  of 
equations.  The  nJnp  found  is  significantly  smaller  then  the 
value  deduced  from  measurements  in  the  extrinsic  region. 
Both  methods  imply  the  independence  of  the  parameter 
lxB{mJm0-T)ir2  of  temperature. 

An  estimation  of  the  BURSTEiN-Moss-shift  can  be  given  taking 
into  account  the  temperature  dependence  of  the  FERMi-level 
according  to  [2],  Consecutively,  only  a  slight  difference 
remains  between  the  optical  and  thermal  band  gap  value.  A 
realistic  magnitude  of  the  thermal  band  gap  of  (Bi0  5Sb0  5)2Te3 
at  room  temperature  is  about  160  meV. 


Fie.  5  SEEBECK-scans  along  a  slightly  chlorine-doped  ingot 
(Central  region) 


0  10  20  30  40  50  60  .  70 

x  /  mm 

Fig.  6  SEEBECK-scans  along  a  slightly  chlorine-doped  ingot 
(Outer  region) 

Thermoprobe  Scans  at  Lower  Temperature 

The  graded  samples  are  Bridgman  ingots  of  about  80  mm  in 
length  and  a  diameter  of  10  mm,  grown  at  a  rate  of  2  mm/h. 
Overstoichiometric  tellurium  has  been  added.  Several  samples 
have  been  enclosed  during  growth  by  a  chlorine  doping 
coverage.  At  several  positions  of  the  purified  surface  of  a 
cross  section  along  the  ingot,  thermoprobe  scans  were 
recorded  in  axial  direction. 

With  falling  temperature  the  minority  carrier  effects  are 
reduced.  Therefore,  the  Seebeck  scans  are  modified: 

•  The  absolute  values  S,m.f  increase  and  gradients  get  steeper. 

•  The  position  of  Smx  shifts  towards  the  pn-transition,  the 
zero  position  shifts  towards  the  p-type  region. 

•  The  sample  sections  with  extrinsic  conditions  are  spreading. 
The  experimental  image  of  the  temperature  dependent  charac¬ 
terization  of  samples  with  doping  admixtures  turns  out  to  be 
very  complex:  The  intrinsic  limit  of  the  SEEBECK-coefficient 
SmaJ5  exhibits  a  significant  local  dependence  on  the  radial  and 
axial  coordinate  due  to  the  independent  local  distributions  of 
carrier  density  and  mobility.  Near  the  outer  surface  it  reaches 
higher  values  than  near  the  ingot  axis  (Fig.  5,  Fig.  6). 
Halogen  doping  causes  a  reduction  of  the  majority  carrier 
mobility,  which  is  similarly  known  from  extrinsic  bulk 
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samples  (Tab.  1).  A  significant  reduction  of  the  minority 
carrier  mobility  becomes  visible  at  something  higher  doping 
concentration  (Fig.  6),  as  it  is  expected  for  a  partially  com¬ 
pensated  semiconductor.  This  effect  appears  for  minority 
electrons  at  lower  temperature  than  for  minority  holes. 

The  local  dependence  of  Sraax  mainly  indicates  local  changes  of 
the  carrier  mobility.  The  difference  between  the  temperature 
dependence  of  Smax  n  and  Smmp  is  probably  caused  by  a  strong 
dependence  of  rm  with  temperature.  Partly,  this  may  be  linked 
to  the  different  d.o.s.  masses  (md  n  </ndp)  and  the  increase  of 
the  hole  mass  with  temperature  deduced  from  the  1 -band- 
model.  In  the  range  of  a  small  SEEBECK-coefficient  due  to 
intrinsic  conditions  sample  sections  are  observed,  which  are 
changing  from  n-  to  p-type  with  rise  of  temperature. 

A  separation  of  energetic  and  mobility-determining  factors  is 
enabled  from  several  scans  recorded  at  the  same  position  for 
different  temperatures:  With  falling  temperature  a  freezing  out 
of  the  mobility  of  the  minority  carriers  in  the  band  tails  takes 
place,  which  reduces  effects  of  intrinsic  conduction.  An 
influence  of  the  band  structure  and  the  energy  spectrum 
affecting  the  position  of  the  FERMl-level  and  the  carrier 
concentration  becomes  more  and  more  apparent  at  lower 
temperature. 

According  to  the  desired  measuring  information  the  favorable 
temperature  range  has  to  be  chosen: 

•  For  the  determination  of  the  local  extrinsic  carrier  concen¬ 
tration  and  for  investigation  of  the  energetic  spectrum  the 
range  between  liquid  nitrogen  and  200  K  is  suitable. 

•  The  determination  of  the  ration  rm  under  intrinsic  conditions 
from  special  scan  positions  has  to  be  carried  out  at  medium 
temperature  (ca.  150.. 250  K),  where  mobility  effects 
already  become  important  and  the  extrapolation  curve  of 
the  partial  SEEBECK-coefficient  is  not  too  steep. 

•  The  upper  temperature  range  (J>200  K)  has  to  be  pre¬ 
ferred  for  the  evaluation  of  the  local  dependence  of  Smax, 
since  there  the  mobility  effects  are  most  effective. 

Conclusion 

We  have  shown,  that  an  effective  way  for  the  characterization 
of  the  material  behavior  of  (Bil.xSbx)2Te3  (x<0.75)  for  bipolar 
conduction  consists  in  the  experimental  determination  of  the 
intrinsic  limit  of  the  SEEBECK-coefficient. 

Segregation  profiles  of  BRiDGMAN-grown  ingots  are  suitable 
graded  systems.  Line  scans  of  the  SEEBECK-coefficient  over 
pn-transitions  are  a  convenient  method  to  determine  the 
intrinsic  limits  for  both  polarity  in  dependence  on  temperature 
(100.. 300  K).  They  provide  information  concerning  the  local 
and  temperature  dependence  of  the  ratio  of  electron  and  hole 
mobility  and  may  enable  the  separation  of  the  local  distri¬ 
bution  of  tellurium  and  doping  impurities. 

For  the  material  developer  the  method  offers  an  excellent  tool 
for  the  determination  of  the  temperature  dependence  of  the 
SEEBECK-coefficient  for  material  of  reduced  carrier  concen¬ 
tration  avoiding  the  disturbing  influence  of  distribution 
inhomogeneity.  In  this  way  experimental  evidence  for  the 
predicted  increased  values  of  the  SEEBECK-coefficient  at  low 


temperature  [3]  could  be  given.  The  precise  local  positioning 
setup  allows  to  determine  the  temperature  dependence  of  the 
SEEBECK-coefficient  for  an  comprehensive  spectrum  of  carrier 
density  and  mobility  values  within  a  single  thermal  cycle. 
Hence,  the  method  represents  an  ideal  method  for  the  charac¬ 
terization  of  graded  thermoelectric  materials. 

Compensation  effects  in  doped  material  reduce  the  mobility  of 
the  minority  carriers  (in  particular  of  the  electrons)  at  lower 
temperature  significantly.  A  strong  dependence  of  the  para¬ 
meter  ratio  mjm9  on  temperature  and  the  degree  of  degene¬ 
racy  was  observed.  For  intrinsic  conditions  near  room 
temperature  the  ratio  is  notably  lower  than  unity. 

Available  methods  for  the  determination  of  the  band  gap  of 
(Bi|-*Sbx)2Te3  contain  systematic  uncertainties  basing  on  the 
assumption  of  constant  carrier  mobility  in  the  non-degeneracy 
case,  the  neglect  of  inelastic  scattering  and  the  underestimation 
of  the  Burstein -Moss-shift .  Taking  these  effects  into  account 
reduces  the  discrepancy  between  the  values  of  the  optical  and 
thermal  gap  width  and  yields  for  (Bi0  5Sb0.5)2Te3  a  thermal  gap 
of  about  160  meV  at  300  K. 

With  respect  to  thermoelectric  application  above  room 
temperature,  an  effective  way  for  the  reduction  of  the  degra¬ 
ding  influence  of  intrinsic  effects  consists  in  a  limitation  of  the 
minority  carrier  mobility  by  suitable  doping. 
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Introduction 

The  thermoelectrics  research  community  requires  accurate 
and  precise  thermal  conductivity  measurements.  Historically, 
this  requirement  has  not  been  met  to  a  satisfactory  degree.  At 
the  XHIth  ICT,  a  discussion  of  discrepancies  in  thermal 
conductivity  data  ended  with  a  consensus  that  the  community 
should  establish  standard  samples  for  calibration  of  these 
measurements.  This  paper  reports  the  joint  effort  of  Marlow 
Industries  (MI)  and  members  of  the  Naval  Research 
Laboratory  (NRL)  to  test  the  usefulness  of  a  carefully 
constructed  conventional  apparatus  for  measurement  of  the 
thermal  conductivity  of  thermoelectrics. 

The  sources  of  error  in  A  measurements  mainly  reflect  the 
difficulty  in  controlling  the  amount  of  heat  flowing  between 
the  locations  in  the  sample  at  which  the  temperature  is 
monitored.  It  is  not  easy  to  confine  heat,  which  can  be 
exchanged  by  many  routes: 

1]  Through  the  sample,  by  conduction 

2]  Through  power  connections  and  thermocouples, 
by  conduction 

3]  Through  surrounding  insulation,  by  conduction 

4]  Through  space,  by  radiation 

5]  Through  air,  by  convection  or  conduction 

The  last  four  routes  for  heat  flow  are  unwelcome  alternatives 
to  the  intended  route,  and  they  are  present  to  some  degree  in 
any  design.  Their  combined  effect  will  be  to  increase  the 
total  rate  of  heat  flow  for  a  given  temperature  difference, 
leading  the  experimenter  to  calculate  a  X  value  that  is  too 
high. 

Four  miscellaneous  factors  that  can  also  effect  X 
measurements  are: 

1]  Generation  of  heat  in  power  connections 

2]  Non-uniform  flow  of  heat  through  the  sample 

3]  Inadequate  heat  sinking  of  thermocouples  to 
sample 

4]  Thermal  resistance  at  the  contact  between  the 
sample  and  the  heat  source/sink 

The  usual  practice  is  to  assume  that  V2  of  the  Joule  heat  from 


the  heater  power  connections  flows  through  the  sample.  If 
this  estimate  is  too  high/low,  the  calculated  X  will  be  too 
high/low.  Uniform  heat  flow  through  the  pertinent  portion  of 
the  sample  will  occur  if  heat  enters  the  sample  uniformly 
across  the  cross  section,  or  if  the  location  of  the  temperature 
measurements  is  sufficiently  removed  from  a  “point”  source 
of  heat.  Thermocouples,  if  not  adequately  bonded  to  or 
embedded  in  the  sample,  will  register  a  temperature 
intermediate  between  that  of  the  sample  and  the  immediate 
environment.  Thermal  resistance  at  contacts  becomes  an 
issue  if  one  chooses  to  measure  the  temperature  of  (high  A,) 
mounting  elements,  rather  than  along  the  length  of  the 
sample.  (This  method  of  temperature  measurement  usually 
is  more  convenient,  does  not  perturb  the  sample  geometry, 
and  may  allow  better  heat  sinking  of  the  thermocouples.) 
Contact  thermal  resistance  will  always  lead  to  a  lower 
apparent  X  than  the  true  value. 

We  have  listed  four  sources  of  heat  loss  and  four  additional 
possible  causes  of  errors.  Which  ones  are  most  important 
depends  on  the  nominal  X  of  the  sample.  With  high  X 
samples  contact  resistance  can  be  especially  bothersome,  and 
more,  rather  than  less,  extraneous  Joule  heat  from  heater 
wires  (or  wires  carrying  the  Peltier  current  in  Z  meters)  will 
flow  through  the  sample.  Non-uniform  heat  flow  is  not  much 
of  a  problem  in  long,  thin  samples,  which  are  preferred  for 
high  X  samples  to  achieve  a  reasonable  temperature  gradient. 
Lastly,  it  is  obvious  that  all  alternative  routes  for  heat  flow 
diminish  in  importance  if  conduction  through  the  sample  is 
efficient. 

In  thermoelectrics  research,  we  are  interested  in  the  opposite 
end  of  the  spectrum,  very  low  A.  We  can  expect  to  be 
hampered  the  most  by  alternative  heat  flow  routes.  To 
minimize  the  problem,  we  can  measure  short,  broad  samples, 
and/or  we  can  take  extreme  care  in  frustrating  all  of  the 
unwanted  heat  exchange  mechanisms.  If  we  use  a  short, 
broad  sample,  and  measure  temperatures  along  the  sample 
length,  we  must  be  meticulous  about  the  uniformity  of  heat 
flow.  The  good  news  is  that  there  is  more  justification  for 
measuring  the  temperature  of  mounting  elements,  so  that  it 
may  not  be  necessary  to  bond  thermocouples  directly  to  the 
sample. 

The  design  of  the  NRL  apparatus  takes  into  account  the  listed 
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error  sources,  but  is  especially  tailored  to  eliminate  radiative 
exchange.  This  choice  is  driven  by  the  fact  that  the 
instrument  is  most  often  used  to  measure  the  thermal 
conductivity  of  metals  at  high  temperatures.  We  have  found 
that  as  a  consequence  of  using  insulation  to  prevent  radiation, 
the  apparatus  is  not  well  suited  for  measurement  of  low 
thermal  conductivity  samples,  such  as  standard 
thermoelectrics. 

Standard  Materials 

The  samples  used  in  this  phase  of  the  project  were  taken  from 
ingots  grown  at  MI  by  a  commercial  method.  The  p-type 
ingot  was  grown  from  a  melt  of  Sb]50Bi50Te291Se9  plus  a  few 
percent  of  excess  Te.  The  n-type  ingot  was  grown  from  a 
doped  melt  of  Bi20Te27Se3.  With  slight  variations,  these  are 
the  compositions  used  throughout  the  thermoelectrics 
industry.  As  grown,  the  ingots  were  approximately  2.7  cm  in 
diameter.  Sections  of  the  ingots  were  machined  (see  Fig.  1) 
to  be  compatible  with  the  thermal  conductivity  apparatus 
under  development  at  NRL. 


Figure  1.  Rod  geometry  of  standard  thermoelectrics  used  in 
this  study. 

Due  to  segregation  during  solidification,  the  composition  of 
these  ingots  varies  gradually  along  their  length.  There  is  a 
corresponding  variation  in  all  of  the  thermoelectric 
properties.  It  is  reasonable  to  use  the  nominal  lattice  thermal 
conductivity,  the  measured  resistivity  profile,  and  the 
Wiedemann-Franz  law  (using  a  Lorenz  number  of  2(kB/e)2  = 
1.49x1  O'8  WQK2  )  to  estimate  the  variation  in  thermal 
conductivity  along  the  length  of  the  ingot.  We  obtain 
expected  thermal  conductivity  fluctuations  of  ±1 .5%  for  both 
the  n-type  and  p-type  samples,  which  are  10cm  in  length.. 


Thermal  Conductance  Apparatus 

The  apparatus  is  illustrated  in  Fig.  2.  Progressing  outward 
from  the  axis,  the  arrangement  consists  of  the  sample,  space 
shuttle  tile  insulation,  ceramic  thermal  shield,  flberfax 
insulation,  and  silica  ceramic  foam  outer  insulation.  The 
sample  and  ceramic  shield  are  separately  capped,  but  share  a 
common  heat  sink  at  the  bottom  with  the  outer  insulation. 
Cartridge  heaters  are  inserted  into  the  sample,  and  into  the 
copper  cap  of  the  ceramic  shield.  The  ceramic  shield  is 
separately  heated  by  a  wire  wrapped  at  approximately  the 
same  height  as  the  sample  heater.  Power  to  the  wire  heater  is 
controlled  to  match  the  temperature  profile  of  the  shield  to 
that  of  the  sample,  in  the  vicinity  of  the  thermocouples, 
minimizing  heat  conduction  by  thermocouples  and  insulation. 
The  shield  cap  is  temperature  controlled  to  match  the  sample 
cap  to  within  1/3  K.  When  the  temperature  of  the  shield  cap 
was  changed  relative  to  the  sample  cap  by  5  °C,  there  was 
little  impact  (1%)  on  the  measurements,  so  heat  exchange  in 
this  region  of  the  instrument  is  negligible. 

Space  shuttle  tile  is  an  extremely  low  density  solid  (0.14  g 
cm'3)  with  a  corresponding  very  low  thermal  conductivity, 

-  0.24  W  nv1  K'1  in  the  radial  direction  at  24  °C  and  in  air. 
Nevertheless,  we  have  concluded  that  heat  conduction 
through  the  tiles  was  the  major  source  of  error  in  these 
measurements. 

The  air  gap  between  the  sample  and  the  space  tile  is  very 
slight,  ~  200  pm.  A  small  gap  diminishes  heat  exchange  by 
radiation  and  convection.  In  fact,  we  can  expect  the 
temperature  profile  of  the  space  tile  to  essentially  match  that 
of  the  sample  at  equilibrium,  due  to  the  slowness  of  heat 
conduction  away  from  the  surface  of  the  tile.  If  this  is  the 
case,  radiative  heat  exchange  is  virtually  zero  because  each 
spot  on  the  surface  views  only  a  small  portion  of  the  tile,  half 
of  which  is  cooler  and  half  of  which  is  warmer. 

The  tapered  end  of  the  sample  was  sanded  to  match  the 
conical  hole  in  the  aluminum  heat  sink.  Thermally 
conductive  grease  is  applied  to  the  minimize  thermal 
resistance  both  at  this  interface  and  in  the  groove  in  which  the 
ceramic  shield  rests.  It  was  not  possible  to  match  the 
temperature  profiles  of  sample  and  shield  without  greasing 
both  joints. 

For  these  experiments  the  thermocouples  were  wedged  into 
the  holes  drilled  (0.4  mm  diameter,  3.6  mm  depth)  in  the 
sample  using  tapered  Pt  wires.  The  primary  purpose  of  the  Pt 
wires  is  to  secure  the  thermocouples  so  that  they  do  not 
loosen  during  subsequent  assembly.  The  wedges  also 
improve  thermal  contact  between  the  thermocouples  and  the 
sample.  This  technique  is  apparently  adequate,  because 
bonding  the  thermocouples  to  the  sample  with  epoxy  did  not 
change  the  measurements. 
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Figure  2.  Schematic  cross  section  of  the  thermal  conductance  chamber  developed  at  NRL. 
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In  the  next  section,  we  present  the  initial  data  taken  with  this 
instrument  on  the  samples  described  earlier.  The  thermal 
conductivity  values  are  about  6%  and  22%  too  high  for  the  n- 
type  and  p-type  samples  respectively.  Most  probably,  the 
errors  are  due  to  overestimates  of  the  heat  flowing  through 
the  samples  by  these  same  percentages.  There  are  two 
plausible  routes  for  heat  to  “escape”:  through  the  space  tile, 
and  through  the  heater  leads.  The  current  and  voltage  leads 
of  the  heater  are  insulated  5  mil  (127  pm)  diameter  chromel 
and  alumel.  Heat  is  introduced  by  a  commercial  ceramic 
cartridge  heater,  having  internally  a  finely  coiled  resistance 
wire  that  probably  transfers  heat  to  the  surrounding  ceramic 
by  radiation.  The  heat  then  is  conducted  to  the  sample  across 
a  very  small  air  gap  of  ~  25  pm.  At  these  temperatures, 
radiation  is  relatively  inefficient,  so  the  heater  coils  may  be 
as  much  as  20  °C  hotter  than  the  sample  cap  and  the  shield 
cap.  Nevertheless,  estimates  show  that  it  is  not  possible  that 
the  heater  leads  carry  away  a  significant  amount  of  heat. 

The  challenge  that  these  low  thermal  conductivity  materials 
present  for  a  conventional  apparatus  was  made  clear  by 
raising  or  lowering  the  average  temperature  of  the  ceramic 
shield  in  the  vicinity  of  the  thermocouples  by  1  °C  relative  to 
the  sample.  The  apparent  change  in  sample  X  was 
approximately  36%.  For  comparison,  the  precision  with 
which  the  instrumentation  can  control  temperatures  is  1/3  °C. 
Obviously,  errors  on  the  level  of  10%  are  explained  by  heat 
loss  conduction  through  the  space  tile.  The  extremely  low  X 
of  the  space  tile  is  offset  by  its  large  effective  area  to  length 
ratio  in  this  design,  which  nevertheless  worked  very  well  for 
measuring  X  of  metals. 

Results 

Figure  3  compares  the  results  of  the  NRL  measurements  and 
Z-meter  measurements  made  at  MI.  As  discussed  above, 
most  of  the  disagreement  is  due  to  heat  escaping  through  the 
space  shuttle  tile  in  the  NRL  apparatus.  The  NRL  data  in  Fig. 

3  are  actually  corrected  for  the  measured  temperature 
differences  between  corresponding  thermocouples  on  the 
sample  and  the  ceramic  shield.  (The  uncorrected  values  were 
approximately  18.5  and  20.0  mW  cm1  K1  for  the  p-type  and 
n-type  ingots  respectively.)  The  correction  was  made  on  the 
basis  that  an  intentional  1  °C  lowering  of  the  shield 
temperature  increased  the  measured  thermal  conductivity  by 
36%.  One  source  of  the  remaining  errors  in  the  NRL  data  is 
believed  to  be  heat  exchange  at  the  level  of  the  sample  and 
ceramic  shield  heaters,  where  the  temperature  profiles  are  not 
measured.  Also,  with  a  2.4  °C/cm  gradient  along  both  the 
shield  and  the  sample,  a  misalignment  of  thermocouples  by 
0.13  cm  could  yield  a  10  %  error. 


T  (K) 

Figure  3.  Comparison  of  thermal  conductivity 
measurements  made  with  the  NRL  apparatus  and  Mi’s 
Z  meter. 


The  MI  data  are  for  parallepipeds  (nominally  4x4x5  mm3)  cut 
from  the  tapered  regions.  The  resistivity  profiles  performed 
prior  to  machining  the  ingots  indicate  that  the  properties  of 
these  samples  should  differ  from  those  of  the  regions 
measured  by  NRL  by  no  more  than  ±5%.  The  room 
temperature  transport  properties  given  in  Table  I  validate  this 
assertion  for  both  the  Seebeck  coefficients  and  the  electrical 
resistivities. 


Seebeck 

Coefficient 

(pV/K) 

Resistivity 

(mQ-cm) 

Thermal 
Conductivit 
y  (mW/cm- 
K) 

P-type 

201,200 

1.06,  1.01 

14.2,  17.3 

N-type 

-211,-213 

0.97,  0.95 

16.0,  17.0 

Table  I.  Measured  room  temperature  properties  of  standard 
thermoelectrics  (MI,  NRL). 


Future  Work 

Despite  the  initial  setbacks,  it  is  expected  that  this  project  will 
continue.  The  direction  being  taken  at  present  is  to  make 
modest  changes  in  the  apparatus  that  will  allow  better 
matching  of  the  sample  and  shield  temperature  profiles, 
particularly  in  the  region  of  the  heaters.  For  example,  coring 
the  outer  silica  insulation  (which  is  not  superb)  and  filling  it 
with  fiberfax  insulation  will  greatly  reduce  the  radial  heat  loss 
from  the  shield,  allowing  a  better  approximation  of  ideal 
vertical  heat  flow  in  the  apparatus. 
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The  ultimate  goal  is  to  have  available  an  apparatus  for 
calibrating  measurements  of  low  thermal  conductivity 
materials.  This  tool  will  be  valuable  to  the  thermoelectrics 
industry  as  researchers  begin  to  explore  new  classes  of  low 
thermal  conductivity  materials  that,  initially  at  least,  may 
have  a  Z  too  low  to  allow  accurate  Z  meter  measurements. 
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Abstract 

Sputtered  (Bi,Sb)2Te3  films  show  an  excellent  adhesivity  on 
Kapton  substrates  and  are  suitable  for  patterning  by  wet  etching. 
The  known  problem  of  strong  deviation  from  stoichiometry  in 
these  films  results  from  both  the  different  sticking  coefficients 
and  the  resputtering  of  the  elements  during  the  film  growth.  An 
oversupply  of  Tellurium  atoms  is  a  possible  and  usually  applied 
solution. 

A  coating  system  was  used  wich  enables  the  control  of  direction 
and  intensity  of  the  particle  flux  from  two  magnetron  sources 
separately.  The  targets  consist  of  (i)  stoiciometric 
(Bi025Sb0  75)2Te3  and  (ii)  pure  Tellurium.  The  experimental 
arrangement  allows  to  control  the  Te  :  (Bi,Sb)  flux  ratio  RF  in  a 
wide  range. 

WDX  analysis  of  the  composition  shows,  that  the  films  are 
nearely  stoichiometric  in  the  range  1.7  <  Rf  <  4  at  substrate 
temperature  Ts  =  300  °C.  A  small  deviation  from  stoichiometry 
was  observed  depending  on  the  variation  of  Ts. 

Introduction 

The  mixed  crystal  (Bi025Sb0  75)2Te3  is  known  to  be  the  best 
suited  p-type  material  for  thermoelectric  devices  like  coolers  or 
generators  working  near  room  temperature.  Miniaturisation  of 
such  devices  requires  thin  films  of  this  material  with  high  figure 
of  merit  easily  and  cheeply  to  produce.  Furthermore,  devices 
consisting  of  thousands  of  elements  can  be  obtained  by  wet  or 
dry  chemical  patterning. 

There  are  some  results  published  in  the  last  years  [1-3]  about 
(Bio  25Sb0  75)2Te3  films  having  the  same  figure  of  merit  3T0~3K'1 
like  single  crystalline  material.  In  these  publications  the 
thermoelectric  films  have  beenproduced  by  flash  evaporation  or 
hot  wall  epitaxy.  These  methods  however  have  some 
disadvantages.  Flash  evaporation  is  difficult  to  control 
(therefore  expansive)  and  as  far  as  we  know  this  process  is  not 
used  in  any  industrial  application.  Hot  wall  epitaxy  needs  very 
high  substrate  temperatures,  hence  it  excludes  several  substrate- 
materials. 

Mzerd  et  al.  [4,5]  studied  molecular  beam  epitaxy  of  Bi2Te3  on 
Sb2Te3  crystals.  They  have  found  films  to  be  nearely 
stoichiometric  at  substrate  temperatures  275°C  <  Ts  <  325°C 
when  using  a  very  high  oversupply  of  Te  (Rf  =  4.5). 

Magnetron  sputtering  is  a  widespread  and  easy-to-use  film 
deposition  method  which  is  able  to  produce  highly  adhesive  and 
dense  films.  HTSC  films  and  amorphous  Si-Ge  films  were 
succesfully  deposited  by  this  method.  Investigations  on 
sputtered  V2VI3  semiconductor  films  are  reported  [6-8].  In  all 
cases  a  lack  of  Tellurium  of  several  at%  due  to  the  different 
sticking  coefficients  of  the  elements  was  observed.  Preferential 
resputtering  during  the  film  growth  is  supposed  to  cause  an 
additional  loss  of  Te. 


In  this  paper  an  experimental  arrangement  is  presented,  which 
should  combine  the  advantage  of  magnetron  sputtering  and  the 
possibility  of  controlling  the  Te  :  (Bi,Sb)  flux  ratio. 

Co-sputtering  with  two  magnetrons 

We  used  two  round  shaped  (90  mm  diameter)  commercial 
magnetron  sources  wich  can  both  separately  adjusted  in 
position,  angle  and  height  over  the  substrate  plane.  Fig.  1  shows 
a  picture  of  this  sputtering  unit. 


Fig.  1:  The  sputtering  unit  mounted  on  a  30  cm  flange 


Stoiciometric  (Bi025Sb075)2Te3  and  pure  Tellurium  served  as 
target  material.  The  targets  were  produced  from  99.999%  pure 
elements  (first  homogenized  in  evacuated  quarz  ampouls  in  case 
°f  (Bio.25Sbo.75)2Te3)  using  a  special  melting  procedure  in  a 
graphit  crucible  within  an  atmosphere  of  N2. 

In  a  first  step,  the  thickness  distribution  on  a  flat  substrate  was 
calculated  depending  on  the  geometrical  arrangement  of  the 
sputtering  sources  (see  fig.  2). 

The  sputtered  particles  are  emitted  from  each  point  of  the  target 
surface  in  every  direction  after  the  usual  cosinus  law.  Scattering 
of  these  particles  on  the  Argon  atmosphere  can  be  neglected  in 
the  calculation,  because  their  mean  free  path  at  the  working 
pressure  of  1 .8T  0‘3  mbar  is  about  5  cm. 

The  sputtering  rate  on  the  target  surface  Rs  (gs'W2)  is 
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assumed  to  be  radial  symmetric  and  was  fitted  to  a  Gaussian: 

_  Q  -  3,054)2 

Rs(s )  =  const  •  e  0,5 '  0,7322  ,  s  =  0  ...  R 

R  =  4.5  cm  is  the  radius  of  the  target.  The  thickness  at  any  point 
of  the  substrate  plane  was  calculated  and  is  then  given  by 

R  2n 

t  f  f  s  Rs 

d  =  —  \  I  -  costp  cos0  da  ds. 

Q  J  J  tc  r2 

s= 0  a=0 

t  and  q  are  the  sputtering  time  and  the  mass-density, 
respectively.  The  other  values  are  defined  in  fig.  2. 

An  additional  rotation  of  the  substrate  in  the  x’y’-plane  around 
the  origin  can  be  taken  into  account  by  averaging  the  thickness 
d  on  circles  to  be  centered  in  this  point. 

The  tilt  angle  of  the  target  /?,  the  distance  to  the  substrate  h  and 
the  shift  /  from  the  substrate  axis  are  varied  during  the 
calculations  in  order  to  reach  a  desired  thickness  distribution  on 


x1  /  cm 


rotation  Fig.  4:  Calculated  thickness  distribution  and  flux  ratio  along 


substrate  plane 

Fig.  2:  Geometrical  arrangement  of  the  sputtering  sources 


the  x’  axis. 

a:  /?=30o,  h= 8.5cm,  /=0  (both  targets);  b: 
fr=8cm,  /=- 2cm  (Bia3SbL5Te^)  and  /M5°,  /z=8cm, 
/=6cm  (Te) 

the  substrate. 

Fig.  3  shows  a  typical  example  of  a  calculated 
thickness  distribution  of  one  target. 

Two  cases  are  of  special  interest:  (i)  a  nearely 
constant  ratio  of  the  particle  flux  from  both 
sources  and  (ii)  a  strong  variation  of  the  flux  ratio 
over  the  substrate.  In  Fig.  4  calculations  of  these 
two  cases  are  presented  as  a  section  of  the 
thickness  distribution  in  x’  direction. 

The  arrangement  calculated  in  fig. 4a  is  suited  for 
the  deposition  of  films  with  constant  properties 
over  a  large  area  as  required  for  a  production 
process.  The  homogenity  still  can  be  improved 
by  substrate  rotation. 


The  arrangement  in  fig.4b  was  used  in  a  first 
experiment,  the  results  shall  be  presented  now. 

First  results 

The  sputtering  sources  were  arranged  as  written 
in  fig.4b  and  powerd  by  44W  and  22W  for  the 
Bi05Sb12Te3  and  Te  souce,  respectively,  using 
commercial  DC  magnetron  power  supplys.  The 
Ar  pressure  was  1 .8T  O'3  mbar  and  the  deposition 
rate  in  the  order  of  magnitude  of  1  nm/s. 
Polyimid  foil  (130  pm  thick  Kapton)  heated  from 
the  back  by  a  radiation  heater  was  used  as 
substrate. 


Fig.  3:  Calculated  thickness  distribution.  Parameter  J3=  1 5°,  h=5cm,  /=5cm  The  Te  :  (Bi,Sb)  atomic  flux  ratio  was  calculated 

a  without  and  b  with  substrate  rotation  (one  source).  from  the  meassured  film  thickness,  when  each 
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1,0 


x1  /  cm 


Fig.5:  Growth  temperature,  Te  concentration,  atomic  flux 
ratio  and  sticking  coefficients  of  a  Bi-Sb-Te  film 
prepared  by  co-sputtering  of  Bi^S^  5Te3  and  pure  Te 
on  polyimide  substrate 

source  sputtered  separately  on  a  cold  substrate. 

The  concentration  of  Tellurium  of  a  film  deposited  at  300°C 
was  meassured  by  WDX  (wave  dispersive  X-ray  analysis). 
Precision  and  time  stability  were  found  to  be  0.1  at%,  tested  on 
a  single  crystal  standard. 

The  sticking  coefficients  were  calculated  from  film  thickness 
meassurements  and  from  the  element  concentrations  in  the  film. 
In  fig. 5  the  results  of  all  meassurements  are  plotted  versus  the 
position  on  the  sample. 

The  most  important  result  seems  to  be  the  much  greater  impact 
of  substrate  temperature  then  atomic  flux  ratio  considering  the 
concentration  of  Tellurium  in  the  film.  The  flux  ratio  varies 
between  1.7  and  4,  wich  corresponds  to  63  at%  and  80  at%  in 
the  Te  concentration  scale.  The  concentration  in  the  film  is 
always  near  60  at%  and  varies  only  slight  according  to  the 
growth  temperature.  Only  at  the  edges  where  the  temperature  is 
near  260°C  there  is  a  great  influence  of  the  flux  ratio.  The  Te 
concentrations  determined  at  the  edges  are  60.4  at%  and  68.3 


at%  at  low  and  high  flux  ratio,  respectively. 

These  results  are  similar  to  those  achieved  on  epitactical  Bi2Te3 
films  on  Sb2Te3  single  crystals  [4,5],  wich  were  found  to  be 
stoichiometric  between  275°C  and  325°C.  The  sticking 
coefficients  determined  are  somewhat  lower  then  those  given  in 
[4,  5].  The  reason  for  this  may  be  the  resputtering  effect. 

Conclusions 

A  new  sputtering  system  was  put  into  use  wich  enables  the 
controle  of  direction  and  intensity  of  the  particle  flux  from  two 
magnetron  sources  separately.  The  Te  :  (Bi,Sb)  atomic  flux  ratio 
can  be  controlled  in  a  wide  range  by  simultaneous  sputtering  of 
stoiciometric  (Bi025Sb075)2Te3  and  pure  Tellurium. 

A  sample  film  deposited  at  TS=300°C  was  found  to  be 
stoichiometric,  independent  on  the  flux  ratio  in  the  range 
1.7<Rf<4.  Its  Te  concentration  varied  between  59.78  and  60.18 
(not  considering  the  colder  edges  here)  according  to  slight 
variations  of  Ts  of±10°C. 

The  deposition  of  Bio^Sbj  5Te3  films  at  TS~300°C  with  a  slight 
oversupply  of  Tellurium  seems  to  be  a  promissing  method  to 
achive  highly  effective  thermoelectric  films.  Kapton  foil  is 
found  to  be  a  cheep  substrate  material  that  is  low  thermal 
conducting,  chemical  and  thermal  stable,  and  has  nearely  the 
same  thermal  expansion  coefficient  like  the  semiconductor.  The 
magnetron  sputtering  technique  guarantees  an  excellent 
adhesivity  and  can  easily  be  extended  to  a  larger  scale. 
Nevertheless  the  slight  variations  of  the  Te  concentration  of  the 
sample  may  have  a  dramatic  effect  on  the  films  thermoelectric 
properties.  Further  work  has  to  be  done  to  investigate  this 
problem. 
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Abstract 

Thin  film  thermoelectric  generator  cells  (TFTEGCs)  of  Bi-Sb- 
Te-Se  system  were  fabricated  and  their  performances  were 
investigated  The  generator  cells  were  composed  of  several  layers 
of  plate-modules,  and  each  plate-module  contained  15  p/n  couples 
and  was  connected  electrically  in  series  or  in  parallel.  Variations 
of  the  open  circuit  voltage,  short  circuit  current  and  maximum 
output  power  as  a  function  of  temperature  difference  showed  a 
linear  relationship  for  the  first  two  values,  but  there  was  a 
second-order  relationship  for  the  latter.  The  output  power 
produced  per  couple  and  per  unit  temperature  difference  was  * 
3.5  nW/Kcouple. 


I.  Introduction 

Thermoelements  of  Bi-Sb-Te-Se  systems,  in  general,  have  been 
fabricated  from  the  sintered  blocks  of  the  materials.  There  is, 
however,  certain  difficulties  and  limitations  for  making  highly- 
miniaturized  modules  because  of  the  fragile  nature  of  these 
materials.  Moreover,  the  number  of  p/n  couples  fitting  in  the 
limited  space  available  makes  it  impossible  to  obtain  relatively 
high  output  voltage  (order  of  volt)  for  power  generation  To 
overcome  these  drawbacks,  a  thermoelectric  module  based  on  thin 
film  technology  has  been  studied.4""7  In  the  application  for 
electronic  components,  a  power  of  micro  or  milliwatt  level  at 
relatively  high  voltage  has  reportedly  been  obtained  by  a  thin 
film  module  system.8  ~ 12 

In  the  present  studies,  the  TFTEGCs  were  carefully  fabricated 
in  a  stacked  form  of  individual  plate-modules  containing  the 
predetermined  p/n  pattern  Their  characteristics  as  well  as  their 
performances  were  investigated  by  varying  the  number  of  stacking 
layers  and  electrical  connections  (in  series  or  in  parallel)  for  the 
control  of  output  voltage  and  current  of  the  TFTEGC. 

IL  Experiments 

P-type  (Bio.5Sb1.5Te3)  and  n-type  (B^Te^Seoe)  films  were 
deposited  on  thin  glass  substrates  (0.15  mm  thick)  by  the  flash 
evaporation  method5, 1315  using  the  patterning  masks  designed  for 
the  desired  dimension  and  shape  of  p-  and  n-legs  and  their 
junctions.  During  the  evaporation  process,  a  diffusion  barrier 
layer  (aluminum ;  300  nm  thick)  between  p-  and  n-type  material 
at  the  junctions  was  deposited  The  dimensions  of  p-  and  n-leg 
were  20  mm  (L)  x  0.67  mm  (W)  x  4  tun  (t)  and  the  interleg 
spacings  were  arranged  to  be  0.5  mm.  Overall  size  of  a  plate- 
module  was  40  x  22  x  0. 15  mm3  which  contained  15  p/n  couples 
(see  Photo.  1).  As  shown  in  Fig.  1,  the  generator  cell  was 
composed  of  several  layers  of  plate-modules  (up  to  20  layers) 
that  were  bonded  together  into  a  stack  and  connected  electrically 
in  series  or  in  parallel.  In  Photo.  2  two  TFTEGCs  are  shown,  one 


Photo.  1.  Plate  thermoelectric  module. 


[ill)  Thin  film  thermoelectric  module 
deposited  on  glass  substrate 
I  I  Polymer  bonding  material 
|  Aluminum  foil  (1 5mm  thick) 

HI  Heat  conducting  electrical  insulator 

Fig.  1.  Illustration  for  stacking  procedure  of  the  TFTEGC. 
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Photo.  4.  Apparatus  for  measurement  of  performance  of  the 
TFTEGC. 


is  composed  of  10  plate-modules  while  the  other  is  composed  of 
20  plate-modules.  Consequently,  each  contains  150  and  300  p/n 
couples  respectively.  Photo.  3  shows  components  for  assembly  of 
the  TFTEGC,  together  with  special  adhesives.  In  the  sample 
designation,  S  and  P  stand  for  the  electrical  connection  of  each 
plate-module  ;  i.e.  S  for  in  series  and  P  for  in  parallel,  and  the 
subscript  after  S  or  P  indicates  the  number  of  plate-modules 
stacked. 

Internal  electric  resistance  (Ri),  open  circuit  voltage  (Voc), 
short  circuit  current  (Isc)  and  maximum  output  power  (Pmax)  were 
measured  as  a  function  of  the  number  of  plate-modules  (N), 
temperature  difference  between  hot  and  cold  junctions  (AT)  and 
variation  of  electrical  connections  (serial  or  parallel).  Photo.  4 
shows  a  jig  for  the  measurement  of  performance  of  TFTEGCs. 
Two  parallel  aluminum  plates  were  positioned  to  maintain  close 
contact  with  the  fins  (aluminum  foils)  attached  at  both  sides  (hot 
and  cold  side)  of  the  plate-modules.  One  of  the  aluminum  plates 
of  the  jig  is  for  heating  by  a  miniature  heater  and  the  other  is  for 
keeping  constant  temperature  by  circulating  cold  water. 
Temperatures  of  each  aluminum  plate  were  measured  by  T-type 
thermocouples  attached. 

III.  Results  and  Discussion 

If  Ns  or  (and)  Np  plate-modules  are  electrically  connected  in 
series  or  (and)  in  parallel  respectively,  then  Voc,  Isc,  Ri  and  Pmax 
can  be  expressed  as  follows  ;  Voc  -  NsVo,  Isc  =  NpVc/Ro,  Ri  = 
(Ns/NP)Ro  and  Pmax  =  NPNs(V0)2/(4Ro),  where  V0  and  Ro  are 
respectively  output  voltage  and  internal  electric  resistance  of 
each  plate-module. 

Fig.  2  shows  the  variation  of  Pmax  with  AT  of  the  TFTEGC 
when  connected  in  series  or  in  parallel.  Measured  Pmax  varied 
with  AT  in  a  second-order  relationship  as  predicted  from  one  of 
the  aforementioned  equations,  and  Pmax  depended  linearly  on  N, 
i.e.  Pmax  for  S20  or  P20  were  almost  twice  of  S10  or  P10  at  a  given  AT. 
As  presented  in  Fig.  3,  total  thermoelectric  power  (or  total 
Seebeck  coefficient)  was  almost  constant  over  the  temperature 
range  studied  in  this  experiment.  It  was  *  50  mV/K  for  S10  and  % 
100  mV/K  for  S20  when  connected  in  series.  But  it  was  only  *  5 
mV/K  for  P10  or  P20  because  it  is  irrelevant  to  N  when  connected 


Fig.  2.  Variation  of  maximum  output  power  as  a  function  of 
temperature  difference. 
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AT  (K) 

Fig.  3.  A  plot  of  total  thermoelectric  power  against  temperature 
difference. 

in  parallel.  Therefore  it  was  equal  to  the  values  of  the  total 
thermoelectric  power  for  one  plate  module.  Thermoelectric 
power  per  p/n  couple,  which  equals  to  Seebeck  coefficient  of  a 
p/n  couple,  was  found  to  be  %  0.32  mV/K  (Fig.  4). 

As  a  mean  for  the  evaluation  of  TFTEGC  performance,  the 
reported  data  on  the  Bi-Sb-Te-Se-based  thin  film  battery  for 
cardiac  pacemaker8  were  compared  with  the  results  of  present 
studies.  The  cardiac  battery,  which  was  composed  of  111 
couples  connected  in  series,  was  reported  to  have  total 
thermoelectric  power  of  280  mV/K  (total  resistance  of  180  kQ). 
When  considered  power  produced  per  couple  and  per  unit 
temperature  difference,  output  power  of  S20  was  3.5 
nW/K-couple  whereas  the  battery  had  4.3  nW/K-couple.  Reasons 
for  the  difference  in  output  powers  are  believed  mainly  due  to  the 
compositional  and  dimensional  differences  in  the  thermoelectric 
materials  used  in  each  case.  The  compositions  of  the  cardiac 
battery  were  Bio.645Sbu55Te3.7  (p-type)  and  BhTezsSeos  (n-type), 
and  Seebeck  coefficient  of  360  |iV/K  was  reported  per  p/n  couple. 
Thickness  of  the  films  was  4.0  pm  for  p-leg  and  2.85  pm  for 
n-ieg  respectively,  while  an  uniform  thickness  of  4  pm  for  both 


0  10  20  30  40  50 


AT(K) 

Fig.  4.  A  plot  of  thermoelectric  power  per  p/n  couple  vs. 
temperature  difference. 


AT(K) 


Fig.  5.  Variation  of  open  circuit  voltage  (Voc)  and  short  circuit 
current  (Isc)  as  a  function  of  temperature  difference. 

(a),  (c)  serial  connection  (b),  (d)  parallel  connection 
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p-  and  n-types  in  the  present  case.  It  is,  however,  instructive  to 
find  similar  values  of  output  power  (about  4  nW/K  couple)  for 
both  cases. 

Fig.  5  shows  the  variation  of  Voc  and  Isc  as  a  function  of  N, 
AT  and  the  way  of  electrical  connections  -  in  series  or  in  parallel. 
As  shown  in  Figs.  5  (a)  and  (b),  Voc  varied  linearly  with  AT,  but 
for  serial  connection  its  slope  depends  on  N  whereas  there  was 
only  one  slope  for  the  case  of  parallel  connection,  as  expected 
from  the  above  equations.  This  implies,  as  found  in  Figs.  3  and 
4,  that  there  is  little  variation  in  Seebeck  coefficients  over  the 
temperature  ranges  studied  On  the  other  hand,  Isc  (Figs.  5  (c) 
and  (d))  behaved  oppositely  to  the  case  of  Voc  ;  Isc  of  Sio  and 
S20  had  only  one  slope,  but  Isc  showed  two  different  slopes  for 
the  case  of  P10  and  P20. 

For  the  case  of  serial  connection  (Figs.  5  (a)  and  (c)),  the 
slopes  [(N ocMAT)]  were  *  50  mV/K  for  Sio  and  %  100  mV/K 
for  S20,  and  Voc  reached  to  the  values  of  an  order  of  volt  at  AT 
>  10  K  for  the  case  of  S20.  Isc  was  proportional  to  AT  with 
[dlscMAT)]  *  1  pA/K,  which  was  irrelevant  to  N. 

In  the  parallel  connection  (Figs.  5  (b)  and  (d)),  Voc  was 
proportional  to  AT  with  [dVoc/d(AT)]  %  5  mV/K.  The  slopes 
[dIsc/d(AT)]  were  %  0.1  mA/K  for  P10  and  %  0.2  mA/K  for  P20.  Isc, 
in  this  case,  showed  the  values  of  an  order  of  milliampere  at  AT 
*  50  K  for  P20. 

Figs.  6  (a)  and  (b),  which  are  an  example  for  the  combined 
case  of  serial  and  parallel  connections,  demonstrates  that  output 
voltage  and  current  generated  by  the  TFTEGC  could  be 
controlled  by  varying  the  connection  combination  or  N. 


Fig*  6.  Variation  of  (a)  open  circuit  voltage  and  (b)  short  circuit 
current  as  a  function  of  temperature  difference  when  connected 
in  series  and  parallel  combination. 


Photo.  5.  An  arrangement  for  demonstration  of  power  generation 
by  the  TFTEGC. 


An  arrangement  for  demonstration  of  TFTEGC  power 
generation  was  shown  in  Photo.  5.  A  LCD  clock  was  driven  by 
the  Sio,  where  output  power  of  16.5  pW  (1.5  V,  11  pA)  was 
recorded  at  the  temperature  difference  of  35  K. 

IV.  Conclusion 

From  the  fabrication  and  an  investigation  into  the  characteristics 
of  the  thin  film  thermoelectric  generator  cells,  following  results 
were  obtained : 

(1)  Microwatt  level  power  at  relatively  high  voltage  (order 
of  volt)  was  produced  by  Bi-Sb-Te-Se-based  thin  film 
generators,  and  output  voltage  and  current  were  possible  to 
control  by  changing  the  electrical  connection  manner  as  well  as 
the  number  of  stacking  plate-modules. 

(2)  Variation  of  open  circuit  voltage  and  short  circuit 
current  with  temperature  differences  showed  a  linear 
relationship.  There  were,  however,  some  differences  in 
variations  ;  open  circuit  voltages  were  dependent  cm  the  number 
of  plate-modules  when  connected  in  series,  but  it  was  not  for 
parallel  connection.  Short  circuit  current  of  Sio  and  S20  had  the 
same  dependence  of  temperature  difference,  but  slopes  of  P10 
and  P20  were  different  each  other. 

(3)  Maximum  output  power  varied  with  temperature 
differences  in  the  square-law  relation.  Its  values  were  almost 
doubled  when  the  number  of  plate-modules  increases  twice  ; 
Pmax  «  Nat  a  given  AT. 
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Abstract 

The  reactive  precursors  M(NMe2)3  (M  =  Sb,  Bi)  and 
(Me3Si)2Te  were  used  to  deposit  films  of  M2Te3  (M  -  Sb,  Bi) 
on  Si(l  1 1)  cut  4°  off-axis,  GaAs(lOO),  and  Kapton  substrates 
between  25°C  and  150°C  in  a  low  pressure  MOCVD  reactor. 
The  film  growth  process  is  a  novel  N,N-dimethylamino- 
trimethylsilane  (Me3SiNMe2)  elimination  reaction  and  not 
pyrolysis  reactions  employed  in  conventional  MOCVD 
techniques.  X-ray  diffraction  data  show  the  crystalline  quality 
and  orientation  of  the  resulting  polycrystalline  films  were 
dependent  on  the  substrate  structure  and  growth  temperature. 
Amorphous  films  were  deposited  below  50°C.  Films 
deposited  at  75°C  for  Sb2Te3  and  125°C  for  Bi2Te3  were 
highly  oriented  with  the  (015)  reflection  plane  parallel  to  the 
substrate  surface.  Films  of  Sb2Te3  deposited  at  150°C  were 
highly  oriented  with  the  (00/)  reflection  planes  parallel  to  the 
substrate  surface.  The  electrical  properties  and  composition  of 
Bi2Te3  films  deposited  at  125°C  on  Kapton  were  independent 
of  the  V/VI  precursor  ratio  used.  Variation  in  the  composition 
of  a  SbxBi2_xTe3  ternary  film  across  the  susceptor  was  observed 
due  to  differences  in  the  reaction  kinetics  for  formation  of 
Sb2Te3  and  Bi2Te3.  This  unique  deposition  reaction  provides 
an  alternative  route  to  prepare  group  V  chalcogenide  materials 
which  have  potential  applications  in  solar  cells,  reversible 
optical  storage,  and  thermoelectrics. 

Introduction 

Bi2Te3  and  Sb2Te3  films  have  been  deposited  by  various 
techniques  including  molecular  beam  epitaxy  [1],  flash 
evaporation  [2],  sputtering  [3],  electrodeposition  [4],  and 
ionized  cluster  beam  (ICB)  [5]  methods.  All  of  these  methods 
require  sophisticated  UHV  systems  and  careful  control  of 
fluxes  to  obtain  stoichiometric  films.  We  previously  reported 
a  novel  technique  to  prepare  these  materials  as  powders  and 
thin  films  directly  from  reactive  organometallic  precursor 
compounds  using  reaction  1  [6].  This  method  relies  on  the 
self  limiting  reaction  to  produce  films  of  V/VI  material  of  the 
proper  stoichiometry.  A  more  detailed  account  of  Bi2Te3  and 
Sb2Te3  film  depositions  using  this  method  will  be  presented  in 
this  paper. 


Experimental 

General  Procedures 

Polycrystalline  Sb2Te3  Bi2Te3  and  SbxBi2_xTe  films  were 
grown  in  a  reduced  pressure  (20-100  torr)  vertical  MOCVD 
reactor  with  an  inductively  heated  substrate  stage  using 
Sb(NMe2)3  and/or  Bi(NMe2)3  and  (Me3Si)2Te  with  prepurified 
H2  as  a  carrier  gas.  The  precursor  vapors  were  isolated  prior 
to  entering  the  reactor  using  a  coaxial  inlet  system  which 
allowed  the  gas  flows  to  mix  3cm  above  the  center  of  the 
susceptor.  In  the  first  series  of  growth  experiments,  films 
were  deposited  simultaneously  on  GaAs(100)  (high  resistivity 
Cr  doped)  and  Si(l  11)  substrates  placed  next  to  each  other  on 
the  susceptor.  The  substrates  were  cleaned  then  etched  with 
5%  HF  solution  for  Si(lll)  and  NH40H/H202  solution  for 
GaAs  prior  to  use.  The  only  volatile  byproduct  identified  by 
proton  NMR  (of  reactor  exhaust  gases  collected  in  a  liquid 
nitrogen  cooled  trap)  and  the  Residual  Gas  Analyzer  (in  situ 
monitoring  of  reactor  exhaust)  was  Me3SiNMe2.  The  V/VI 
inlet  ratio  was  determined  by  integration  of  the  peaks  of 
Me3SiNMe2  and  any  excess  group  V  or  (Me3Si)2Te  precursor 
in  the  H1  NMR  spectrum  trapped  byproducts.  The  surface 
morphologies  of  the  films  vary  from  smooth,  highly  reflective 
surfaces  to  dull  gray.  X-ray  diffraction  data  used  to 
characterize  the  structural  phases  and  the  crystalllinity  of  the 
deposited  films  was  collected  on  a  Scintag  Pad  V  XRD 
system.  The  Van  der  Pauw  technique  was  used  to  measure 
resistivity  and  Hall  effect  (magnetic  field  1.5kgauss) 
alternating  the  current  between  positive  and  negative  for 
readings  in  each  direction.  The  results  are  compiled  in  Table 
1  following  a  detailed  description  of  each  film  growth 
experiment. 

Sb:Te:  FILMS 

A  flow  rate  of  50sccm  H2  was  maintained  through  both 
bubblers  at  24°C.  The  bubbler  and  reactor  pressure  was 
maintained  at  100  torr  during  the  deposition  reactions.  FILM 
1  was  grown  at  a  substrate  temperature  of  24°C  for  one  hour. 
FILM  3  was  grown  at  a  substrate  temperature  of  75°C  for  one 
hour.  FILM  5  was  grown  at  a  substrate  temperature  of  150°C 
for  two  hours. 


Me,SiNMe,  ELIMINATION  REACTION 


2M(NMe2)3  +  3(Me3Si)2Te 

M  =  Sb,  Bi 


^  M2Te3  +  6Me3SiNMe2 
FILM 


(1) 


0-7803-3221-0/96  $4.00  ©1996  IEEE 
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Bi:Te2  FILMS 

FILM  2  was  grown  at  a  substrate  temperature  of  50°C  for  one 
hour.  A  bubbler/reactor  pressure  of  100  torr  was  maintained 
with  a  H2  flow  of  50sccm  through  the  (Me3Si)2Te  bubbler  and 
a  flow  of  300sccm  through  the  Bi(NMe2)3  bubbler  which 
provided  a  V/VI  precursor  ratio  of  1 . 1 .  FILM  4  was  grown  at 
a  substrate  temperature  of  125°C  for  one  hour.  A 
bubbler/reactor  pressure  of  100  torr  was  maintained  with  a  H2 
flow  of  45  seem  through  the  (Me3Si)2Te  bubbler  and  a  flow  of 
120  seem  through  the  Bi(NMe2)3  bubbler  which  provided  a 
V/VI  precursor  ratio  of  0.47.  FILM  6  was  grown  at  a 
substrate  temperature  of  125°C  for  1.5  hours.  A 

bubbler/reactor  pressure  of  20  torr  was  maintained  with  a  H2 
flow  of  10  seem  through  the  (Me3Si)2Te  bubbler  and  a  flow  of 
50  seem  through  the  Bi(NMe2)3  bubbler  which  provided  a 
V/VI  precursor  ratio  of  0.83.  FILM  7  was  grown  at  a 
substrate  temperature  of  125°C  for  one  hour.  A 

bubbler/reactor  pressure  of  20  torr  was  maintained  with  a  H2 
flow  of  15  seem  through  the  (Me3Si)2Te  bubbler  and  a  flow  of 
50  seem  through  the  Bi(NMe2)3  bubbler  which  provided  a 
V/VI  precursor  ratio  of  0.42. 


SbyBi7  vTe  Films 

A  1:1  molar  mixture  of  Bi(NMe2)3  with  N(SiMe3)3  was 
prepared  to  assist  in  the  mass  transport  of  the  compound  as 
well  as  function  as  an  internal  standard  for  determining  the 
ratio  of  Sb(NMe2)3/Bi(NMe2)3  inlet  using  the  H’NMR 
spectrum  of  the  trapped  exhaust  gases.  This  mixture  is  a 
yellow  liquid  at  room  temperature  and  a  blank  study  showed 
the  composition  of  the  vapor  under  normal  flow  conditions 
using  hydrogen  as  a  carrier  gas  to  be  4.9:1  (N(SiMe3)3  : 
Bi(NMe2)3)  from  the  H]NMR  of  the  trapped  exhaust  gases. 
FILM  8  was  simultaneously  grown  on  Si(lll)  and  Kapton 
film  on  glass  substrates  at  a  susceptor  temperature  of  75°C  for 
one  hour.  A  flow  rate  of  38sccm  H2  was  maintained  through 
the  N(SiMe3)3/Bi(NMe2)3  and  Sb(NMe2)3  bubblers  at  24°C 
with  a  H2  flow  of  56sccm  through  the  (Me3Si)2Te  bubbler.  A 
pressure  of  100  torr  was  maintained  in  the  bubblers  and  the 
reactor  during  the  deposition  reaction. 


Table  1 _ Summary  of  V/VI  Film  Growth  Experiments 


Film 

# 

V/VI 

Material 

(Substrate) 

Substrate 

Growth 

Temperature 

(Pressure) 

Growth 

Rate 

(p/hr) 

V/VI 

Precursor 

Ratio 

Resistivity 

(ohm-cm) 

Carrier 

Concentration 

(1018cnr3) 

Carrier 

Mobility 

(cm2/V-sec) 

Sb2T  ©3 

24°C 

5.2 

1.1 

0.938 

p-type 

■ 

GaAs(100) 

(100  torr) 

0.201 

H 

Bi2Te3 

50°C 

5.0 

1.1 

■ 

GaAs(100) 

(100  torr) 

D 

Sb2Te3 

75°C 

3.1 

1.1 

0.00435 

p-type 

135 

i 

GaAs(100) 

(100  torr) 

10.6 

n 

Bi2Te3 

125°C 

4.8 

0.47 

0.000523 

n-type 

13.7 

GaAs(100) 

(100  torr) 

-873 

H 

Sb2T  e3 

150°C 

0.5 

1.1 

0.0321 

p-type 

401 

i 

GaAs(100) 

(100  torr) 

0.486 

6 

Bi2T  e3 

125°C 

2.2 

0.83 

0.000560 

n-type 

25 

Kapton 

(20  torr) 

-450 

7 

Bi2Te3 

125°C 

3.6 

0.42 

0.000595 

n-type 

19 

Kapton 

(20  torr) 

-490 

8 

Sb18Bi02Te3 

75°C 

5.0 

0.43* 

0.0044 

m 

70 

Kapton 

(100  torr) 

m/Bm 

*  Sb(NMe2)3/Bi(NMe2)3  =  7.3 
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Results  and  Discussion 
Substrate  Effect 

The  first  series  of  film  growths  experiments  were  conducted  to 
examine  the  effect  of  the  film  deposition  temperature  and 
substrate  structure  on  the  quality  of  the  film  as  measured  by 
XRD.  Thus  films  1-5  were  at  grown  at  different  susceptor 
temperatures  and  simultaneously  deposited  on  Si(lll)  and 
GaAs(lOO)  substrates  in  each  of  the  growth  experiments. 
Examination  of  the  x-ray  diffraction  data  presented  in  figures 
1  and  2  of  the  resulting  films  shows  that  the  crystalline  quality 
is  dependent  on  the  substrate  and  on  the  deposition 
temperature. 


Figure  1  XRD  data  of  Sb2Te3  and  Bi2Te3  films  on  GaAs(lOO)  substrates.  1.  Sb2Te3  Film  1 
deposited  at  24°C,  2.  Bi2Te3  Film  2  deposited  at  50°C,  3.  Sb2Te3  Film  3  deposited  at  75°C, 
4.  Bi2Te3  Film  4  deposited  at  125°C,  5.  Sb2Te3  Film  5  deposited  at  150°C. 


,THEtA( 


Figure  2  XRD  data  of  Sb2Te3  and  Bi2Te3  films  on  Si(l  1 1)  substrates  1.  Sb2Te3  Film  1 
deposited  at  24°C,  2.  Bi2Te3  Film  2  deposited  at  50°C,  3.  Sb2Te3  Film  3  deposited  at  75°C, 
4.  Bi2Te3  Film  4  deposited  at  125°C,  5.  Sb2Te3  Film  5  deposited  at  150°C. 


From  a  comparison  of  the  respective  XRD  spectra  in  figures  1 
and  2  it  is  evident  that  the  Si(l  1 1)  provides  a  better  surface  for 
oriented  deposition  of  the  polycrystalline  films.  Bi2Te3  and 
isomorphous  Sb2Te3  crystallize  with  a  rhombohedral  lattice 
(space  group  R3m)  however,  for  connivance  sake  their 
structure  is  referred  to  using  a  hexagonal  unit  cell  in  this 
manuscript.  Films  of  Sb2Te3  deposited  at  75°C  and  1 50°C  and 
of  Bi2Te3  deposited  at  125°C  on  Si(lll)  substrates  exhibited 
better  preferred  orientation  of  the  crystallites  compared  to  the 
corresponding  deposition  on  a  GaAs(lOO)  substrate.  From 
other  growth  experiments  it  was  evident  that  orientation  of 
crystallites  on  the  GaAs(lOO)  is  no  different  than  on  other 
substrates  including  Si(100),  amorphous  materials  such  as 

Pyrex  glass  or  Kapton.  This  is 
likely  an  effect  of  the  threefold 
symmetry  of  the  Si(lll)  surface 
which  provides  a  better  spatial 
arrangement  of  surface  atoms  to 
match  the  rombahedral  lattice  of 
the  V/VI  materials. 

Growth  Temperature  Effect 


Within  the  range  of  deposition 
temperature  studied  three  types  of 
Sb2Te3  films  and  two  types  of 
Bi2Te3  films  were  observed.  A 
low  temperature  regime  (25°C  to 
50°C)  produced  specular  films  of 
both  compounds  with  very  short 
range  order  in  the  crystalline 
structure,  at  intermediate  growth 
temperatures  (75°C  to  125°C) 
polycrystalline  films  of  both 
compounds  were  grown  with  the 
(015)  plane  parallel  to  the 
substrate  surface,  and  at  slightly 
higher  temperature  (150°C) 
Sb2Te3  films  were  grown  with  the 
(00/)  reflection  planes  parallel  to 
the  substrate  surface. 

The  Sb2Te3  film  grown  at  25°C 
was  uniform,  featureless  and 
highly  reflective,  whereas  the 
bismuth  telluride  films  deposited 
at  this  temperature  exhibited  poor 
structural  integrity  and  adhesion 
to  the  substrates  making  them 
difficult  to  characterize.  The 
Bi2Te3  films  cracked  and 
delaminated  unless  the  substrate 
was  heated  to  at  least  50°C 
during  the  deposition  reaction. 


Even  then,  the  Bi2Te3  film  was 
too  delicate  to  make  adequate 
electrical  contacts  for  Hall 
measurements.  The  XRD  data  in 
figure  1  and  2  of  films  grown  at 
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low  temperature  indicates  that  the  compounds  either  deposit  in 
an  amorphous  form  or  with  a  very  small  crystallite  size. 
Unlike  the  diffraction  data  for  the  25°C  Sb2Te3  film,  broad 
diffuse  reflections  observed  for  the  50°C  Bi2Te3  film  are  not  at 
angles  consistent  with  any  long  range  order  of  the  (0,1,5) 
reflection  plane.  It  is  possible  this  is  a  result  of  preferred 
crystallite  growth  in  another  orientation  or  formation  of 
another  BiTe  phase. 

Raising  the  growth  temperature  slightly  is  sufficient  to 
produce  highly  oriented  polycrystalline  films  where  the  (015) 
reflection  plane  is  parallel  to  the  substrate  surface. 

A  susceptor  growth  temperature  of  150°C  was  adequate  to 
produce  Sb2Te3  films  with  the  c-axis  perpendicular  to  the 
substrate  plane,  the  same  orientation  observed  in  MBE  grown 
films[l].  The  deposition  of  Bi2Te3  films  was  limited  to 
temperatures  below  150°C  due  to  the  thermal  stability  of  the 
Bi(NMe2)3  precursor.  The  onset  of  thermal  pyrolysis  for 
Bi(NMe2)3  was  observed  at  150°C. 

In  the  growth  experiments  for  Sb2Te3  films  1,  3,  and  5,  the 
precursor  flow  rates  and  V/VI  inlet  ratio  were  kept  constant. 
The  only  variable  was  the  substrate  temperature.  The  data  in 
table  1  clearly  shows  that  as  the  substrate  temperature  was 
increased  the  film  growth  rate  decreased.  It  should  be  noted 
that  in  all  of  the  growth  experiments  the 
reaction  was  complete  and  film  deposition 


The  XRD  data  from  the  resulting  films  was  similar  to  the  data 
for  film  4  deposited  on  GaAs(lOO)  and  there  was  no 
measurable  difference  in  the  XRD  data  for  film  6  and  7.  A 
comparison  of  the  results  in  Table  1  for  the  Bi2Te3  films 
grown  at  125°C/20torr  under  bismuth  and  tellurium  rich  flow 
conditions  shows  that  the  electrical  properties  of  the  two  films 
do  not  vary  significantly.  The  differences  are  within 
experimental  error  thus  suggesting  that  the  composition  of  the 
films  is  independent  of  the  V/VI  precursor  ratio.  AES  data 
confirmed  these  results  where  the  relative  V/VI  elemental 
composition  of  the  films  was  found  to  be  independent  of  the 
V/VI  precursor  inlet  ratio  used. 


Growth  of  SbvB  u 


The  growth  of  ternary  films  is  possible  using  a  mixture  of  the 
antimony  and  bismuth  precursor  compounds  with  an  excess  of 
the  tellurium  precursor  compound.  To  demonstrate  this  a  5p 
thick  film  was  deposited  at  a  reactor  pressure  of  lOOtorr  and  a 
susceptor  temperature  of  75°C  on  Si(l  1 1)  and  Kapton  coated 
substrates  simultaneously.  The  XRD  data  of  the  films  in 
figure  3  shows  that  the  film  deposited  on  the  Si(l  11)  substrate 
was  of  poor  crystalline  ordering  while  the  film  deposited  on 
the  Kapton  substrate  was  highly  oriented  polycrystalline 
material.  EDX  analysis  of  the  films  showed  the  composition 
to  be  Sbj  8Bi02Te30  for  the  film  on  Kapton  grown  at  the  edge 


occurred  in  all  parts  of  the  reactor  at  or 
above  the  susceptor  stage.  At  higher 
susceptor  temperature  the  growth  rate  of  the 
film  on  the  cooler  reactor  walls  increased  at 
the  expense  of  film  growth  on  the  substrate. 
This  indicates  adsorption/desorbtion  of 
precursors  or  reactive  growth  intermediates 
from  the  surface  of  the  growing  film  is 
important.  That  such  processes  limit  the 
film  growth  rate  suggests  surface  elimination 
reactions  produce  the  films  under  the  low 
pressure  conditions  maintained  in  this  study. 
At  higher  pressures,  1  atmosphere,  evidence 
of  gas  phase  nucleation  reactions  have  been 
observed  and  the  films  produced  had  a  sooty 
appearance.  To  date  no  intermediates  in  the 
reactions  have  been  observed  or  isolated 


0,1,5 


either  in  solution  or  the  MOCVD  reactions.  - 

Figure  3  XRD  data  of  SbxBi2_xTe  film  deposited  at  75°C,  A.  on 

Film  Composition,  Hall  Measurements  and  Si(l  1 1)  substrate  B.  on  Kapton  substrate. 

V/VI  Precursor  Ratio  Effect 


Films  of  Bi2Te3  were  grown  with  V/VI 
precursor  inlet  ratio  greater  than  and  less  than  0.66,  the 
stoichiometric  ratio,  to  examine  the  effect  on  the  carrier 
concentration.  Since  the  antistructure  defects,  and  carrier 
concentration,  of  Bi2Te3  is  reflective  of  the  material 
composition  [5],  any  significant  dependence  of  the  film 
stoichiometry  on  V/VI  precursor  inlet  ratio  should  be  evident 
in  the  hall  data  of  the  films.  Films  6  and  7  were  grown  on 
glass  substrates  that  had  been  covered  with  14p  Kapton  tape. 


of  the  susceptor  and  Sb13Bi09Te29  for  the  film  on  Si(lll) 
centered  on  the  substrate  stage.  The  difference  in  crystalline 
ordering  of  the  film  is  a  result  of  the  position  of  the  substrate 
on  the  susceptor  stage  during  growth  and  their  difference  in 
composition,  not  the  surface  structure  of  the  substrates. 
Growth  of  oriented  polycrystalline  Bi2Te3  rich  material  is 
expected  to  require  a  slightly  higher  substrate  temperature 
therefore  the  crystallinity  of  the  film  at  the  center  is  poorer. 
The  reason  for  the  stoichiometric  deviation  across  the 
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susceptor  is  not  yet  clear.  One  explanation  is  the  vapor  is 
depleted  in  bismuth  precursor  as  it  flows  over  the  surface  of 
the  susceptor  to  the  edge  in  the  current  reactor  design  due  to 
the  higher  reaction  rate  for  formation  of  bismuth  telluride.  A 
second  possibility  is  that  the  tellurium  precursor  is  the  limiting 
reagent  in  the  center  of  the  stage  in  the  current  reactor  design 
since  the  group  V  precursor  mixture  was  inlet  through  the 
center  coaxial  inlet  tube.  Changes  in  the  flow  design  are 
underway  to  improve  the  uniformity  of  the  ternary  films. 

It  is  clear  that  differences  in  the  relative  reaction  rates  for 
formation  of  bismuth  telluride  and  antimony  telluride  must  be 
taken  into  account  when  designing  a  system  to  deposit  the 
ternary  films  using  these  reactions.  To  illustrate  the  point, 
when  film  growth  was  attempted  using  the  same  precursor 
flow  rates  used  for  FILM  8  and  a  susceptor  temperature  of 
125°C  the  film  growth  rate  on  the  substrate  dropped  from 
5 p/hr  to  less  than  2p/hr  and  the  film  composition  was 
Sb08Bi]  5Te27  by  EDX.  The  film  on  the  cooler  reactor  walls 
was  likely  antimony  rich. 

The  SEM  of  the  film  edge  shown  in  figure  4  is  typical  of  the 
(0,1,5)  oriented  polycrystalline  films.  The  films  are  fully 
dense  with  a  columnar  growth  and  the  growth  surface  has  a 
grainy  texture.  The  substrate  side  of  pieces,  after  removal  of 
the  substrate,  is  specular  and  featureless. 

Conclusions 


The  Me3SiNMe2  elimination  reaction  provides  a  low 
temperature  MOCVD  method  for  producing  highly  oriented 


Figure  4  SEM  of  cleaved  edge  of  SbxBi2.xTe  FILM  8 
deposited  at  75°C  on  Kapton  with  the  substrate  removed. 

V/VI  films.  The  Si(l  1 1)  substrates  provided  the  best  growth 
surface  although  highly  oriented  films  were  deposited  on  all 
substrates.  The  film  crystallinity  and  orientation  were  found 
to  be  temperature  dependent.  A  lower  temperature  (015) 
preferred  orientation  of  the  crystallites  changes  over  to  a  (OOC) 
orientation,  a  trend  that  was  also  observed  in  Bi2Te3  films 
deposited  by  MBE  [lb].  The  carrier  concentration  of  the 
Sb2Te3  films  is  lower  than  values  reported  for  other  films 


whereas  the  values  for  the  Bi2Te3  films  are  rather  high.  The 
carrier  concentration  and  composition  of  the  Bi2Te3  films  was 
found  to  be  independent  of  the  V/VI  precursor  ratio  used 
reflecting  the  self-limiting  nature  of  the  reaction  chemistry. 
Growth  of  the  Sbt  8Bi02Te30  film  demonstrated  the  capability 
of  the  technique  to  produce  ternary  materials,  but  also 
illustrates  the  complications  due  to  differences  in  the  reaction 
kinetics  that  must  be  taken  into  account. 
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Abstract 

Film  growth  and  electronic  transport  properties  of  CoSb3  with 
the  cubic  skutterudite  structure  were  studied.  The  skutterudite 
CoSb3  films  were  successfully  grown  on  Si  (100)  and  quartz 
substrates  by  using  a  magnetron  rf-sputtering.  A  preferential 
orientation  growth  along  (310)  plane  occurs  when  the  pressure 
of  sputtering  gas  decreases.  Polycrystalline  films  with  the 
skutterudite  structure  are  also  obtained  by  annealing  sputtered 
films  at  low  temperature.  Electrical  conductivity  of  the  films 
changes  with  the  film  growth  conditions.  Electronic  structure 
of  the  films  was  investigated  by  X-ray  photoelectron 
spectroscopy.  Observed  valence  band  structure  agrees  well 
with  a  recent  band  calculation.  It  is  revealed  that  the  valence 
band  structure  of  CoSb3  consists  of  the  hybridized  bands 
between  Co  d  and  Sb  p  states  and  a  peak  structure  derived  from 
localized  Co  d  state. 

Introduction 

CoSb3,  which  is  a  member  of  a  large  family  of  skutterudite 
compounds,  has  recently  been  identified  as  a  candidate  for 
advanced  thermoelectric  materials  [1-7].  Non-doped  CoSb3  has 
a  /7-type  conduction  and  extraordinarily  high  hole  mobility,  up 
to  3000  cm2/V*s  at  room  temperature,  compared  with  those  of 
state-of-the-art  semiconductors  such  as  Si,  Ge,  and  GaAs  [2,  4, 
5].  Also,  the  thermal  conductivity  of  CoSb3  is  relatively  low 
because  of  its  large  unit  cell.  The  high  potential,  especially 
high  hole  mobility,  of  CoSb3  is  available  for  the  application 
to  new  electronic  devices  using  thin  films  and  quantum-well 
superlattice  structures  as  well  as  thermoelectric  devices.  It  is 
also  of  interest  that  theoretical  calculations  predict  the 
possibility  of  using  quantum-well  superlattice  structures  to 
enhance  markedly  the  performance  of  thermoelectric  devices 
[8-10].  However,  no  study  on  the  epitaxial  growth  of  CoSb3 
films  has  been  reported  in  the  literatures.  Very  little  is  known 
about  the  electronic  transport  properties  and  the  electronic 
structure  of  this  material.  In  this  paper,  we  report  some 
results  of  study  on  the  film  growth  of  the  skutterudite  CoSb3 
on  Si  (100)  substrate  and  discuss  the  electronic  transport 
properties  and  the  electronic  structure  of  CoSb3  films. 

Experiment 

Film  growth  of  CoSb3  was  made  by  a  magnetron  rf-sputtering 
in  argon  gas  at  pressures  from  10~3  to  10_1  Torr  at  an  rf  power 
Frf  of  50  W.  Powdered  CoSb3  prepared  by  hot-pressing  of 
reacted  powders  (HP)  was  used  as  a  target  [11].  Polished  Si 
(100)  and  quartz  substrates  were  used.  The  Si  (100)  substrates 
were  sputter  etched  under  an  argon  gas  pressure  of  8  X10”2 
Torr  at  an  rf  power  PRF  of  100  W  prior  to  the  deposition. 
Substrate  temperature  Ts  was  kept  at  room  temperature  during 


the  deposition.  Some  obtained  films  were  annealed  at  200  °C 
for  5  hours  or  630  °C  for  2  hours  under  flowing  argon. 

The  crystal  structure  of  obtained  films  was  checked  by  means 
of  X-ray  (Cu  Ka)  diffraction.  Composition  of  the  films  was 
determined  by  electron  probe  microanalysis  (EPMA).  The 
composition  of  films  was  found  to  be  close  to  1:3  (Co:Sb) 
with  a  slight  shift  towards  Sb-poor  side.  Observation  of  the 
film  surface  was  made  by  using  a  scanning  electron 
microscope  (SEM).  Surface  morphology  of  both  films  on  Si 
(100)  and  quartz  substrates  was  smooth  and  dense.  Electrical 
conductivity  of  the  films  was  measured  by  the  van  der  Pauw 
technique.  Electronic  structure  of  the  films  was  investigated 
by  X-ray  (Mg  Ka)  photoelectron  spectroscopy.  Sample 
surfaces  were  argon  ion  sputtered  to  remove  surface 
contamination  of  carbon  and  oxygen. 

Results  and  discussion 


CoSb3/Si(100)  films 
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Fig.l  X-ray  diffraction  patterns  of  CoSb3  films  on  Si  (100) 
substrate  sputtered  under  different  argon  gas  pressures  of  (a)  5 
X  10~3  Torr,  (b)  8  X  10~3  Torr,  and  (c)  1  X  10“2  Torr. 

Figures  1  (a),  (b),  and  (c)  show  the  X-ray  diffraction  patterns 
of  CoSb3  films  on  Si  (100)  substrate  sputtered  under  different 
argon  gas  pressures  of  5  X  10“3,  8  X  10“3,  and  1  X  10”2  Torr, 
respectively.  Observed  diffraction  peaks  were  assigned  to  the 
diffractions  from  the  skutterudite  phase,  and  no  diffraction  peak 
from  other  phases  was  observed.  However,  diffraction  patterns 
for  films  sputtered  at  argon  gas  pressures  of  more  than  ~1  X 
1CT2  Torr  were  so  broad  that  observed  peaks  could  not  be 
assigned  A  diffraction  peak  from  (310)  plane  appeared  for  the 
film  sputtered  at  an  argon  gas  pressure  of  1  X  10”2  Torr. 
Intensity  of  the  diffraction  peak  from  (310)  plane  became 
larger  than  that  of  other  peaks  with  decreasing  argon  gas 
pressure.  The  preferential  orientation  growth  along  (310) 
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Argon  gas  pressure  (Torr)  Argon  gas  pressure  (Torr) 


Fig. 2  Intensity  ratio  of  diffraction  peaks  from  (321)  and  (310)  Fig. 3  Lattice  constant  of  CoSb3  films  on  Si  (100)  and  quartz 

planes  as  a  function  of  argon  gas  pressure  for  CoSb3  films  on  substrates  as  a  function  of  argon  gas  pressure. 

Si  (100)  and  quartz  substrates. 


plane  was  found  to  occur  at  low  argon  gas  pressure.  Similar 
tendency  was  observed  for  the  sputtered  films  on  quartz 
substrate. 

The  intensity  ratio  of  diffraction  peaks  from  the  (321)  and  the 
(310)  planes  is  plotted  as  a  function  of  argon  gas  pressure  in 
figure  2.  The  intensity  ratio  for  CoSb3  powders  was  about 
0.4.  Decrease  in  the  intensity  ratio  of  diffraction  peaks  with 
decreasing  argon  gas  pressure  is  clearly  observed  for  both  the 
films  on  Si  and  quartz  substrates.  It  was  found  that  the  films 
on  Si  (100)  substrate  were  strongly  oriented  along  (310)  plane 
in  comparison  with  the  films  on  quartz  substrate. 

Figure  3  shows  the  lattice  constant  of  CoSb3  films  on  Si 
(100)  and  quartz  substrates  as  a  function  of  argon  gas 
pressure.  The  lattice  constant  was  calculated  from  the 
diffraction  angle  of  (310)  peak.  The  lattice  constant  of  the  Fig. 4  X-ray  diffraction  patterns  of  CoSb3  films  on  Si  (100) 

films  on  Si  (100)  substrate  was  found  to  be  about  9.16  A,  substrate  (a)  before  annealing,  (b)  after  annealing  at  200  °C  for 

which  hardly  depended  on  the  argon  gas  pressure.  This  value  5  hours,  and  (c)  after  annealing  at  630  °C  for  2  hours, 

is  much  lager  than  the  reported  value,  9.04  A,  of  bulk  samples 

[6].  On  the  other  hand,  the  lattice  constant  of  the  films  on  preparing  fully  reacted  skutterudite  compounds  by  solid  phase 
quartz  substrate  changed  widely  with  the  argon  gas  pressure.  reaction  [11,  12]. 

Figures  4  (a),  (b),  and  (c)  show  the  X-ray  diffraction  patterns  Figures  5  (a)  and  (b)  show  the  core  level  photoemission 

of  CoSb3  films  on  Si  (100)  substrate  before  annealing,  after  spectra  of  a  (310)-oriented  CoSb3  film  on  Si  (100)  substrate 

annealing  at  200  °C,  and  after  annealing  at  630  °C,  sputtered  at  an  argon  gas  pressure  of  5  X  10”3  Torr.  Those  of  a 
respectively.  Films  sputtered  at  argon  gas  pressures  of  more  HPed  sample  are  also  shown  in  the  figs.  5  as  a  reference, 

than  -1  X  10“2  Torr  showed  very  broad  diffraction  patterns  as  Peaks  of  Co  2Pm,  Co  2 pV2,  Sb  3pm,  Sb  3 pm,  Sb  3 dm,  and 

shown  in  figs.  4  (a).  The  films  annealed  at  low  temperature  Sb  3 */5/2  core  levels  were  clearly  observed  in  the  spectra  for 

were  found  to  have  the  skutterudite  structure.  The  annealed  both  the  film  on  Si  (100)  substrate  and  the  HPed  sample, 

films  were  considered  to  be  polycrystalline  judging  from  the  Agreement  in  the  peak  energies  of  core  levels  between  the  film 

X-ray  diffraction  patterns.  This  result  reflects  the  fact  that  and  the  HPed  sample  is  satisfactorily  good.  The  peak  energies 

very  short  times  and  low  temperatures  are  suitable  for  of  core  levels  for  both  the  film  and  the  HPed  sample  slightly 
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Fig. 5  Core  level  photoemission  spectra  of  a  (310)-oriented 
CoSb3  film  on  Si  (100)  substrate  sputtered  at  5  X  10-3  Torr 
and  those  of  a  HPed  sample  as  a  reference. 

shift  to  lower  binding  energy  relative  to  those  for  Co  and  Sb 
pure  metals.  Formation  of  predominant  covalent  bonds  in  the 
skutterudite  structure  results  in  the  chemical  shifts  of  core 
levels  because  of  the  difference  in  the  electronegativity 
between  Co  and  Sb. 

Figure  6  shows  the  valence  band  photoemission  spectra  of 
as-deposited  and  annealed  CoSb3  films  on  Si  (100)  substrate 
and  that  of  a  HPed  sample  as  a  reference.  Binding  energy  for 
valence  band  photoemission  spectra  was  defined  with  respect 
to  the  valence  band  maximum  obtained  through  a  linear 
extrapolation  of  the  leading  valence  band  edge.  The  similarity 
of  the  spectra  is  quite  good  between  the  films  and  the  HPed 
sample.  This  also  supports  that  the  films  have  the 
skutterudite  structure  in  correspondence  with  X-ray  diffraction 
results.  The  observed  valence  band  spectra  of  the  films  and  the 
HPed  sample  consist  of  mainly  three  regions  of  a  peak  at 
about  2  eV,  a  shoulder  around  5  eV,  and  a  broad  peak  around 
10  eV. 

The  detailed  interpretation  of  the  observed  spectra  requires  a 
theoretical  calculation  of  the  electronic  structure  of  CoSb3.  A 
calculation  on  skutterudite  antimonides  has  been  performed  by 


Binding  Energy  (eV) 

Fig. 6  Valence  band  photoemission  spectra  of  as-deposited  and 
annealed  CoSb3  films  on  Si  (100)  substrate  and  that  of  a  HPed 
sample  as  a  reference. 

Singh  and  Pickett  [13]  with  an  extended  general-potential 
linearized  augmented-plane-wave  (LAPW)  method.  The 
calculated  densities  of  states  (DOS)  of  the  Co-based  materials 
are  qualitatively  similar.  According  to  the  calculation,  both 
the  valence  and  conduction  band  are  derived  from  hybridized 
combinations  of  transition-metal  d  and  pnictide  p  states:  the 
p-derived  component  of  the  DOS  is  remarkably  flat  and 
symmetrical  about  the  gap,  while  thed-derived  component  is 
peaked  below  the  gap.  The  calculation  quantitatively  explains 
well  the  electronic  transport  properties  of  IrSb3  and  CoSb3,  but 
no  comparison  of  the  calculated  DOS  with  the  experiment  has 
been  reported  in  the  literature  [4,  13]. 

The  overall  structures  of  observed  spectra  for  both  the  films 
and  the  HPed  sample  were  found  to  agree  well  with  the 
calculated  valence  band  DOS.  It  is,  therefore,  considered  that 
the  electronic  structure  of  valence  band  for  CoSb3  is  derived 
from  the  hybridization  between  Co  d  and  Sb;?  states  and  that 
the  observed  peak  at  ~2  eV  is  mainly  derived  from  the 
localized  Co  d  state.  Also,  it  is  deduced  from  the  comparison 
of  the  experiment  with  the  calculation  that  the  top  of  valence 
band  has  a^-like  character  [13].  This  result  suggests  that  the 
electronic  structure  of  CoSb3  belongs  to  a  category  of  the 
charge  transfer  semiconductor,  of  which  holes  are  light  (anion 
valence  band)  and  electrons  are  heavy  ( d  bands)  [14].  This  is 
consistent  with  the  fact  that  the  hole  mobility  is  higher  than 
the  electron  mobility  for  CoSb3  because  of  the  large  difference 
in  the  effective  mass  between  the  electrons  mc*~1.5mQ  and 
holes  mh*~0.1m0,  where  m0  is  the  free  electron  mass  [2]. 

Figure  7  shows  the  electrical  conductivity  of  as-deposited  and 
annealed  CoSb3  films  on  Si  (100)  substrate  as  a  function  of 
inverse  temperature.  The  conductivity  value  of  the  Si  (100) 
substrate  was  so  small  that  one  could  neglect  an  influence  of 
the  substrate  on  the  electrical  conductivity  measurements. 
Conductivity  value  for  the  as-deposited  film  increases  with 
increasing  temperature,  and  reaches  -40  S/cm  at  room 
temperature.  On  the  other  hand,  conductivity  value  for  the 
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Fig. 7  Electrical  conductivity  of  as-deposited  and  annealed 
CoSb3  films  on  Si  (100)  substrate  as  a  function  of  inverse 
temperature. 

annealed  film  shows  a  lack  of  temperature  dependence, 
indicating  that  the  annealed  film  behaves  as  a  degenerated 
semiconductor.  The  annealed  film  has  higher  conductivity 
values,  -800  S/cm,  than  the  as-deposited  film. 
Contamination  of  impurity  and  crystallographic  quality  of  the 
films  significantly  affect  the  electronic  transport  properties  [3, 
11,  15].  It  is  considered  that  the  difference  in  the  electrical 
conductivity  between  the  as-deposited  and  the  annealed  films  is 
mainly  caused  by  the  difference  in  the  crystallographic  quality 
of  the  films,  for  example  defects  and  deviation  from  the 
stoichiometry. 

Conclusion 

Film  growth  and  electronic  transport  properties  of  the 
skutterudite  CoSb3  were  investigated  CoSb3  films  with  the 
skutterudite  structure  were  successfully  grown  on  Si  (100)  and 
quartz  substrates  by  using  a  magnetron  rf-sputtering.  The 
preferential  growth  direction  changed  with  sputtering 
conditions  and  the  (310)-oriented  films  were  grown  at  low 
argon  gas  pressures.  Polycrystalline  films  with  the 
skutterudite  structure  were  also  obtained  by  annealing  sputtered 
films  at  low  temperature.  The  sputtered  films  were  found  to 
have  semiconducting  properties,  which  changed  with  the  film 
growth  conditions.  Electronic  structure  of  the  CoSb3  films 
was  investigated  by  X-ray  photoelectron  spectroscopy. 
Observed  valence  band  structure  agreed  well  with  a  recent  band 
calculation.  It  was  experimentally  revealed  that  the  valence 
band  structure  of  CoSb3  mainly  consisted  of  the  hybridized 
bands  between  Co  d  and  Sb  p  states  and  a  peak  structure 
derived  from  localized  Co  d  state. 
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Abstract 

Radiation  defects  in  PbTe  single  crystals  and  epitaxial  films 
induced  by  ion  implantation  of  various  impurities  amounting 
to  as  much  as  2T04  uC/cm2  have  been  investigated.  It  has 
been  found  that  the  formation  of  point  defects  (for  the  most 
part,  Te  vacancies)  running  as  deep  as  3  jam  and  more 
determine  transport  properties  due  to  the  stabilization  of 
electron  concentration  at  a  level  of  2-^4  1018  cm-3.  The  data 
are  interpreted  based  on  the  model  of  the  quasi-local  (doublet) 
energy  level  of  Te  vacancies  in  the  PbTe  conduction  band. 
The  formation  of  solid  solutions  accompanied  by  the  increase 
of  band  gap  was  detected  in  PbTe  thin  layers  implanted  with 
Zn. 

L  Introduction 

Advances  in  the  method  of  ion  implantation  of  impurities 
into  solids  have  intensified  the  study  of  properties  of  ion- 
implanted  layers  of  semiconductors  [1,  2].  To  reveal  the 
uncombined  effect  of  ion  implantation,  the  so-called 
radiation-induced  defects  should  be  subsequently  removed.  In 
practice,  this  is  done  by  protective  annealing  of  the 
semiconductor  at  elevated  temperatures  in  a  clean  and 
oxygen-free  atmosphere. 

However,  the  radiation  defects  require  special  study.  The 
depth  of  their  penetration  into  the  host  crystal  is  higher  than 
that  of  implanted  ions.  Of  special  interest  is  the  study  of 
intrinsic  defects  of  AIVBVI  semiconductors.  Huge  values  of 
the  static  dielectric  constant  (e  ~  103)  and  small  effective 
mass  (m  ~  10_2mo)  results  in  the  absence  of  shallow  impurity 
states  (levels)  in  the  A^B^  semiconductor  energy  spectrum. 
The  intrinsic  defects  (metal  and  chalcogen  defects  and 
interstitial  atoms)  of  crystal  lattice  result  in  short-range 
potential  form  impurity  levels  of  energy  bands  [3-5]. 

In  contrast  with  the  situation  typical  of  wide-band 
semiconductors  with  impurity  levels  localized  inside  the 
energy  gap,  the  A^B3^  intrinsic  levels  are  of  resonance  or 
quasi-local  nature.  That  is  why  tire  freezing-in  of  charge 
carriers  at  impurity  levels  had  not  been  observed  even  at 
extremely  low  temperatures. 

From  the  viewpoint  of  radiation  defects  study,  thin  films  are 
preferable  over  bulk  crystals.  In  some  instances,  their  small 
thickness  enables  transport  effects  and  optical  properties  of 
ion-implanted  samples  to  be  interpreted  within  the  framework 
of  the  homogeneous  layer  model. 


II.  Experimental  Details  and  Discussion 

p-PbTe  single  crystals  and  epitaxial  films  were  investigated. 
The  crystals  were  produced  by  the  Czokhralsky  and  gas 
phase-growth  method.  The  stoichiometric  composition  PbTe 
films  were  grown  by  the  Mhot  wall"  method  in  a  vacuum 
chamber  at  a  residual  pressure  of  10”9  Torr  on  BaF2,  KBr, 
and  mica  substrates,  the  thickness  of  films  varying  from  0.3 
to  5  jam.  X-ray  diffraction  and  electron  microscopy  studies 
revealed  the  block-monocrystal  structure  of  PbTe  films  with 
block  sizes  in  the  range  of  5  to  10  join  and  an  angular 
misalignment  of  less  than  1°  in  the  plane  parallel  to  the 
substrate  surface.  The  size  of  blocks  is  virtually  independent 
of  the  film  thickness  in  the  range  of  0.1  to  5  jam.  The 
grown  films  had  a  minimum  carrier  concentration  of  ~5- 
1017  cm-3.  Within  the  temperature  range  of  77  to  300  K,  the 
temperature  dependence  of  the  thick  film  carrier  mobility  ja 
obeys  the  T372  law  typical  for  bulk  monocrystals. 

The  Zn+,  Ar+,  and  0+  ions  were  implanted  with  the  use  of  a 
special  apparatus.  Parameters  specifying  the  implantation 
conditions  are  given  in  Table  1,  where  d  is  the  film  thickness, 
/  is  the  implantation  doze,  j  is  the  current  density,  and  E  is 
the  ion  energy. 

The  implantation  dozes  differed  substantially  from  those 
given  in  literature  for  similar  experiments  (according  to  [2], 
typically  /  <  10  jaC/cm2).  This  generally  results  in  the 
independence  of  characteristics  of  films  being  implanted  from 
the  implantation  doze  and  initial  characteristics  of  the  films 
(see,  e.g.,  Ar+,  curves  7-10  in  Fig.  1). 

In  the  case  of  films  implanted  with  Zn+  (Fig.  2),  the  average 
concentration  of  electrons  increases  with  I  and,  doze  by  doze, 
is  somewhat  lower  for  samples  belonging  to  the  p-type  of 
conductivity  prior  to  the  implantation  (curves  4-6  in  Fig.  2). 
For  all  PbTe  (Zn)  films,  the  absolute  value  of  the  Seebeck 
coefficient  S  decreases  with  the  increase  of  /,  while  the 
electric  conductivity  c  increases.  The  temperature 
dependencies  S(T),  g(7),  ja(D,  and  Q(T)  (the  coefficient  of 
transverse  Nemst  -  Ettingshausen  effect)  for  films  implanted 
with  zinc  and  argon  are  free  from  any  peculiarities  and 
coincide  with  those  of  PbTe  crystals  having  the  same 
concentration  of  electrons.  The  sole  exception  is  sample  7  of 
Table  1  (Ar+,  the  minimum  doze  7=10  jaC/cm2),  for  which 
S  and  the  Hall  coefficient  R  have  opposite  signs,  while  the 
temperature  dependence  S(T)  is  indicative  of  the  presence  of 
film  layers  having  different  types  of  conductivity. 
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Fig.  1.  PbTe  film  Hall  coefficient  vs.  temperature:  8*- 10'  - 
before  ion  implantation;  7-10  -  after  ion  implantation  of 
argon;  8"- 10"  -  after  annealing  at  420°C.  The  numbers  of 
curves  correspond  to  those  of  samples  (Table  1). 

Calculations  for  PbTe  films  show  that  at  E  =  150  keV  the 
maximum  of  impurities  density  distribution  is  located  at  a 
depth  of  about  0.08  pm.  Therefore,  temperature  dependencies 
of  kinetic  coefficients  for  0.1  -  0.5  pm  thick  films  should 
reveal  features  typical  for  layered  inhomogeneous 
semiconductor  structures.  Their  absence  is  attributable  only  to 
the  fact  that  the  properties  of  ion-implanted  films  are 
exclusively  determined  by  the  radiation  defects.  Thus,  the 
implantation  with  argon  results  in  the  same  changes  of  film 
properties,  as  that  with  zinc. 

Taking  into  consideration  that  the  ion-implanted  films  of 
different  thickness  have  quite  similar  transport  properties,  it 
may  be  inferred  that  the  concentration  of  radiation  defects  is 
sufficiently  high  over  the  whole  film  thickness. 

This  penetration  depth  can  be  explained  in  terms  of  the 
mechanism  of  radiation-induced  diffusion  of  defects  into  the 
film.  Note  that  the  exposure  time  of  the  maximum  dose  is  of 
the  order  of  hours.  The  film  surface  temperature  measured  by 
an  infra-red  detector  in  the  course  of  ion  implantation  did  not 
exceed  200°C. 

The  implantation  doze  (and,  accordingly,  the  exposure  time) 
was  varied  from  150  to  2-104  pC/cm2  for  samples  of  different 
thickness  in  order  to  attain  the  same  properties  of  ion- 
implanted  films.  The  n-type  of  conductivity  of  ion-implanted 
samples  is  attributable  to  crystal  lattice  defects,  probably, 
tellurium  vacancies  formed  across  the  whole  film  thickness 
(the  mass  of  Te  atom  is  small  as  compared  to  that  of  Pb 
atom). 


Fig.  2.  PbTe  film  Hall  coefficient  vs.  temperature 
(implantation  with  zinc).  Pre-implantation  conductivity: 
1-3  -  n-type,  4-6  -  p-type.  For  curve  5*  (sample  5  prior  to 
implantation),  positive  values  of  R  are  plotted  arbitrarily 
along  the  ordinate  axis.  5"  -  curve  for  sample  5  after 
annealing  at  350°C. 

In  the  simplest  case,  we  may  suggest  that  the  Te  vacancy 
diffuses  depthwise  from  the  surface.  If  the  concentration  Nq 
of  Te  vacancies  is  held  constant  throughout  the  whole 
diffusion  process,  then  the  resulting  profile  takes  the  form 

N(Xyt)  =  N0erfc(xl  *J4E>)  (1) 

where  erfc  is  the  complementary  error  function,  D  is  the 
diffusion  coefficient  of  Te  vacancies,  x  is  the  penetration 
depth  of  Te  vacancies,  and  t  is  the  exposure  time.  Assuming 
that  each  ion  being  implanted  produces  one  Te  vacancy  over 
its  path  length,  we  get  the  volume  concentration  iV0  of  Te 
vacancies  in  the  surface  layer  ( d  -  0.1  (am)  of  1.2- 1022  cm-3 
(the  maximum  doze  value  I  =  2*  104  |iC/cm2). 

As  a  first  approximation,  we  get  that  after  the  ion 
implantation,  at  the  depth  x  equal  to  the  film  thickness  (d  =  3 
jam)  the  value  of  N  is  of  the  same  order  of  magnitude  as  the 
electron  concentration,  ~31018  cm'3. 

The  calculated  profile  of  depth  distribution  of  Te  vacancies  is 
shown  in  Fig.  3.  However,  in  this  case  the  number  of  Te 
vacancies  should  be  much  higher  than  that  really  produced  by 
ion  implantation.  Supposedly,  the  preferable  diffusion 
mechanism  is  that  acting  between  adjacent  layers:  the  upper 
layer  provides  vacancies  for  the  lower  one.  The  profile  of 
such  a  diffusion  is  also  shown  in  Fig.  3. 
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Fig.  3.  Calculated  diffusion  profile  of  Te  vacancies  in  PbTe. 
1  -  diffusion  from  a  constant  surface  source;2  -  diffusion 
between  adjacent  layers.  Total  amount  of  diffusing 
vacancies  is  represented  by  shadowed  area. 

The  nonmonotonous  character  of  R(T )  dependence  of  ion- 
implanted  films  (Figs.  1  and  2)  can  be  explained  based  on  the 
assumption  that  the  radiation  defects  under  consideration 
form  a  quasi-local  level,  which  is  above  the  conduction  band 
bottom  at  low  temperatures.  The  position  of  this  level  E[ 
relative  to  the  bottom  of  conduction  band  at  T  =  0  K  and  the 
rate  of  its  displacement  towards  the  forbidden  band  with  the 
increase  of  temperature  were  calculated  (see  Table  2). 

In  contrast  with  properties  of  films  implanted  with  zinc  or 
argon,  those  of  films  implanted  with  oxygen  undergo  minor 
changes,  the  type  of  conductivity  generally  remaining  the 
same.  This  behavior  is  attributable  to  a  relatively  low  level  of 
generation  of  radiation  defects  induced  by  the  ion 
implantation  due  to  the  small  mass  of  oxygen. 

Also,  a  detail  study  of  the  optical  absorption  coefficient 
a(/ico)  was  performed  for  films  implanted  with  zinc  and 
grown  on  the  KBr  substrate.  Several  (up  to  eight)  samples  of 
various  thickness  were  used  to  study  the  a(/zco)  spectrum  for 
each  fixed  value  of  implanted  doze.  The  results  were 
averaged  using  mathematical  statistics  methods.  The  optical 


properties  of  films  were  compared  with  those  of  specially 
manufactured  thin  monocrystals. 


Table  1 


Sample 

No. 

d,  p.m 

Ion 

type 

|iC/cm2 

h 

fiA/cm2 

E,  keV 

1 

0.5 

Zn+ 

50 

0.2 

150 

2 

0.4 

Zn+ 

150 

0.2 

150 

3 

0.5 

Zn+ 

300 

0.2 

150 

4 

0.3 

Zn+ 

100 

0.2 

150 

5 

0.3 

Zn+ 

200 

0.2 

150 

6 

0.4 

Zn+ 

300 

0.2 

150 

7 

0.5 

Ar+ 

10 

0.5 

90 

8 

0.4 

Ar+ 

100 

0.5 

90 

9 

0.5 

Ar+ 

300 

0.5 

90 

10 

0.4 

Ar+ 

900 

0.5 

90 

11 

0.5 

0+ 

500 

0.3 

150 

Table  2 


Initial 

film 

Ion 

type 

Position  of  level  E} 
at  0  K,  meV  (relative 
to  the  bottom  of  Er) 

Migration  rate, 

10  (dE,/dT), 
meV/K 

n-PbTe 

Zn+ 

48±5 

-(1.610.4) 

p-PbTe 

Zn+ 

47±3 

-(1.910.5) 

p-PbTe 

Ar+ 

40±2 

-(2.510.3) 

i  >ii* _ ! _ ■  t  i  :  _ -L _  —  - -L  l  nQ,e V 

.  7  nr'  2  s  ;o* 

Fig.  4.  Spectral  dependencies  of  the  ion-implanted  PbTe 
absorption  coefficient  at  300  K%  1-2  -  single  crystals 
(foils),  3-6  -  films.  Impurities:  1,  3-6  -  Zn;  2  -  Ar;  1-300  - 
100,4-  1.5- 103,  6  -  2-  10VC/cm2. 
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Some  of  the  experimental  results  obtained  are  shown  in  Figs. 
4  and  5.  Fig.  4  demonstrates  the  similarity  of  a(/zto) 
dependencies  for  films  and  single  crystals.  At  energies  of  0.1 
-  0.3  eV,  characteristic  bands  c*2  and  a3  are  revealed  in  the 
central  part  of  experimental  curves,  the  location  of  these 
bands  being  independent  of  the  kind  of  ions  being  implanted 
(Zn+  or  Ar+).  These  bands  are  associated  with  intrinsic 
defects  of  the  crystal  lattice,  probably,  with  Te  vacancies  Vxe, 
forming  the  doublet  level  E2  and  E3  in  the  conduction  band 
[6]. 


Fig.  5.  Amplitude  of  the  additional  (associated  with 
complexes)  absorption  band  ai, optical  band  gap  Eg  and 
optical  ionisation  energy  Ei  of  complexes  vs.  implanted 
zinc  doze. 

Asymmetric  additional  bands  ai  with  a  pronounced  red 
border  were  observed  in  the  long-wave  part  of  the  a(h(ti) 
spectrum  of  PbTe(Zn).  Their  character  can  result  from  a  set 
of  intrinsic  defects,  whose  energy  level  E*  lies  in  the  upper 
half  of  the  forbidden  band. 

The  fact  that  the  absorption  intensity  in  the  ai  band 
substantially  exceeds  that  in  the  (*2  and  a 3  bands,  implies 
that  the  absorption  cross-section  of  the  ai  band  is  one  -  two 
orders  of  magnitude  higher  than  that  for  point  defects.  This 
additionally  confirms  that  or  bands  are  connected  with 
complexes. 

The  nonmonotonous  doze  dependence  of  max(ai)  (Fig.  5) 
gives  an  indication  of  an  involved  character  of  complexes 
formation  in  the  course  of  ion  implantation.  These  results 
may  be  interpreted  based  on  the  assumption  that  these 
complexes  include  both  Vxe  and  Vpt,  vacancies.  This  explains 
why  max(aj)  grows  almost  linearly  with  /  in  the  small  doze 
range,  then  attains  saturation,  and  declines  at  greater  dozes 
(due  to  ’'healing'’  of  Vpb  with  zinc  atoms). 

For  thin  (d  <  0.3  pm)  PbTe(Zn)  films,  the  natural  absorption 
edge  in  the  short-wave  part  of  the  a  (ha))  spectrum  shifts  with 
the  increase  of  the  doze.  This  indicates  that  the  optical  width 


of  forbidden  bandEa  increases  monotonically  with  dose.  (The 
absorption  edge  form  analysis  shows  that  optical  transitions 
in  PbTe(Zn)  are  direct  and  allowed).  Changes  of  the  natural 
absorption  edge  may  arise  from  the  two  factors:  changes  of 
the  Burshtein  -  Moss  effect  resulting  from  the  increase  of 
charge  carriers  concentration  and  (or)  the  increase  of  due  to 
formation  of  Pb^-^Zn^Te  solid  solution  (the  width  of  cubic 

ZnTe  forbidden  band  is  2.1  -  2.3  eV  at  300  K).  Estimates 
show  that  the  changes  of  charge  carriers  concentration  in 
PbTe(Zn)  at  the  minimum  implantation  doze  may  only 
insignificantly  affect  the  change  of  natural  absorption  edge 
due  to  the  Burshtein  -  Moss  effect.  The  corresponding 
changes  of  energy  spectrum  of  the  thin  PbTe  films  caused  by 
the  increase  of  zinc  implantation  doze  are  shown  in  Fig.  6. 


Fig.  6.  Variation  of  the  PbTe  energy  scheme  with  zinc 
implantation  doze 

In  order  to  remove  radiation  defects,  the  ion-implanted 
samples  were  annealed  at  T  =  350  -  420°C  for  0.5  h  in  pure 
helium  atmosphere.  After  the  annealing  of  radiation  defects, 
the  values  of  main  parameters  of  argon-implanted  films 
approach  to  those  prior  to  the  implantation.  Small  qualitative 
differences  of  these  parameters  (see  curves  8  -  8",  10  -  10"  in 
Fig.  1)  may  result  from  repeated  annealing  of  layers  (prior  to 
and  after  the  implantation).  In  this  case,  structural 
improvements  are  not  unlikely.  These  improvements  are 
evidenced,  in  particular,  by  small  increase  in  mobility  in 
samples  7"  -  10"  after  all  stages  of  annealing. 

After  the  annealing  of  radiation  defects,  samples  1  -  6  reveal 
donor  effect  of  Zn  non-uniformly  distributed  across  the  film 
depth.  This  is  best  demonstrated  by  measurements  of  a,  5,  R , 
and  Q  for  samples  in  which  the  upper  (doped  with  zinc)  and 
lower  (initial  p-type  PbTe)  layers  belong  to  different  types  of 
conductivity. 

In  this  case,  the  equations  for  kinetic  coefficients  are 

a  =  (c1d1  +  c2d2)/(d,  +  d2),  (2) 

S  —  {S^G  ^d^  S2G  2d2)  I  ^d^  G  2d2)i  (3) 

r  =  (Ria^dl  +  R2a22d2)(d]  +d2)/(aldl  +  a2i2),  (4) 
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Q  =  (Q\<fA  +  22<M2  )/(Mi  +<*2^2)+ 
d^  +  S2R2o  2d2 )  /  (^1^1  +  o  2d2 )  — 

(/?,af4  +/?2a2^2)(51a16f1  +  5*202^2) /(ai^i  +  02d2)2.  (5) 

Here,  o>i,  Si,  2?i,  Q\ ,  and  ^  are  the  electric  conductivity,  the 
coefficients  of  Seebeck,  Hall,  and  transverse  Nemst  - 
Ettingshausen  effects,  and  the  thickness,  correspondingly,  of 
the  upper  layer;  o2,  S2,  Qh  and  d2  are  the  same 
parameters  for  the  lower  layer.  Expressions  for  R  and  Q  were 
derived  under  the  assumption  of  a  weak  magnetic  field. 

For  sample  5"  (Fig.  2),  the  S  and  R  coefficients  are  small  or 
change  their  signs  in  the  investigated  temperature  range  of  77 
to  300  K.  In  this  sample,  the  Q  value  is  higher  than  that 
typical  for  homogeneous  PbTe  samples.  This  indicates 
substantial  changes  of  carrier  type  and  concentration  across 
the  sample  depth.  Assuming  that  after  ion  implantation  and 
annealing,  zinc  atoms  replace  lead  in  PbTe  and  give  one 
electron  each,  we  estimated  the  p-n  junction  depth  (dp-n)  and 
electric  activity  P  =  n/Nm.  The  results  are:  dp.n~  0.1  |im  and 
P  ~  10”2,  i.e.,  every  100  atoms  give  only  one  donor  center 
with  a  unit  activity.  This  prevents  from  attaining  high  (of 
order  10-18  cm-3)  electron  concentrations  of  PbTe  using  the 
ion  doping  with  zinc. 

Doping  with  radiation  defects  (ion  implantation  without 
annealing)  was  used  to  form  p-n  junctions  in  p-PbTe  single 
crystals  and  films.  Local  junctions  were  formed  in  PbTe 
crystals  by  photolithography.  The  tunnel  microscopy  showed 
that  the  doping  layer  characteristics  are  virtually  constant 
throughout  the  entire  crystal  area.  This  high  stability  of 
parameters  is  due  to  the  Fermi  level  pinning  that  results  from 
the  formation  of  a  quasi-local  energy  level  of  Te  vacancies  in 
the  conduction  band. 

With  a  ion  implantation  dose  I  >  2103  pC/cm2,  the  p-n 
junction  depth  was  more  than  1  \im.  As  a  rule,  the  depth  of 
p-n  junction  produced  by  the  ion  implantation  does  not 
exceed  0.1  -  0.2  jam.  These  results  are  useful  in  producing 
layered  and  heterostructures  within  PbTe. 

In  the  case  of  vertical  p-n  junctions,  metallic  contacts  were 
deposited  on  p-  and  n- regions,  and  the  produced  signal  V  was 
measured  using  these  contacts.  Direct  measurements  of  die 
diffusion  length  of  carriers  were  carried  out  by  the  electron- 
beam-induced  current  (EBIC)  method.  At  an  applied  voltage 
of  20  kV,  the  electron  beam  current  was  10“8  A. 

The  current-induced  signals  from  the  p-n  junction  were 
measured  at  temperatures  of  300  and  80  K.  The  relation 
describing  these  signals  V  in  the  p-region  was  found  to  be 

V  =  V*'4  (6) 

where  Vo  is  the  maximum  value  of  the  signal,  x  is  the 
scanning  coordinate  (the  distance  between  the  electron  beam 
incidence  point  and  the  p-n  junction),  and  Le  is  the  diffusion 
length  of  electrons.  The  values  of  Le  determined  from  the 
slope  of  the  curve  ln(V/V 0)  =  f(x)  are  5  pm  and  50  pm  at 
temperatures  of  300  and  80  K,  correspondingly.  The  diffusion 


length  Lh  of  holes  in  the  n-region  (zinc-doped)  is  relatively 
small  due  to  the  presence  of  complexes  (point  defects 
composition).  These  complexes  giving  an  energy  level  in  the 
forbidden  band,  diminish  the  life  of  minority  carriers. 

III.  Conclusions 

1.  Our  studies  showed  that  the  main  mechanism  of  ion 
implantation  of  PbTe  with  large  (/  =  2- 104  pC/cm2)  dozes  of 
Zn+  or  Ar+  consists  in  forming  point  defects  (predominantly, 
Te  vacancies)  that  penetrate  to  the  depth  of  3  pm  and  more 
and  determine  the  transport  properties  of  the  samples.  These 
defects  exhibit  a  very  high  stability,  the  film  properties 
remaining  virtually  unchanged  for  one  year  and  more. 

2.  The  stabilization  of  electron  concentration  at  a  level  of  (2  - 
4)1018cm”3  at  T  =  80  K  irrespective  of  the  initial  type  of 
sample  conductivity  and  the  type  of  ions  (Ar+  or  Zn+)  is  due 
to  the  formation  of  quasi-local  (doublet)  energy  level  of  Te 
vacancies  in  the  conduction  band  of  PbTe. 

3.  In  thin  (d  <  0.3  pm)  layers  of  PbTe  implanted  with  Zn+, 
the  formation  of  Pb^^Zn^Te  solid  solutions  was  detected, 

which  is  accompanied  with  the  increase  of  the  forbidden  band 
Eq  with  x. 

4.  The  use  of  these  materials  for  various  detectors  has  a 
number  of  advantages.  Noteworthy  are  high  electric 
homogeneity,  radioactive  stability  of  parameters,  and  a  high 
photosensitivity. 

The  implantation  of  Zn  offers  promise  for  creating 
heterojunctions  (with  Pb^Zn^Te  upper  layer). 
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Abstract 

Bi05Sbj  5Te3  and  Bi2Te2  7Se03  films  were  flash-evaporated  onto  oxidi¬ 
zed  aluminium  and  Kapton  foil  substrates.  The  films  were  characteri¬ 
zed  by  SEM,  EDX  and  electrical  transport  measurements  (electrical 
conductivity,  Hall  coefficient  and  thermopower  in  the  range  85. ..375 
K).  Highly  effective  films  grown  on  Kapton  show  a  (1  0  5)  texture 
whereas  films  on  A1/A1203  are  (0  0  n)  texturized.  With  an  optimal 
amount  of  excess  Te  in  the  evaporant,  after  an  annealing  procedure  a 
power  factor  of  4E-3  W  K(E-2)  m(E-l)  at  300  K  was  reached. 

Introduction 

The  trigonal  V2VI3  compound  semiconductors  are  the  most  common 
materials  for  thermoelectric  applications  working  near  room  tempera¬ 
ture  because  of  their  high  thermoelectric  figure  of  merit  Z. 

The  aim  of  our  work  is  to  develop  films  of  those  materials  that  could 
be  used  in  miniaturized  thermoelectric  coolers  or  generators  in  the 
power  range  <  1  mW.  For  these  applications,  films  of  several  pm  (1 
...  100)  thickness  and  best  available  Z  values  are  needed.  Kapton  foil 
was  found  to  be  a  non-expansive  substrate  material  with  small  thermo¬ 
conductivity  and  well  adapted  thermal  expansion  coefficient. 


Film  deposition 

Films  of  1  ...  3  pm  thickness  were  deposited  on  A1/A1203,  Si/Si203 
and  Kapton  (polyimid)  substrates  in  high  vacuum  (10'5mbar)  by 


Fig.  1:  Scheme  of  the  flash  evaporation  aparatus. 


means  of  a  flash  evaporation  technique  (see  figure).  The  deposition 
rate  was  about  1  nm/s.  The  optimum  substrate  temperature  was  found 
to  be  between  200  and  250  °C  [1]. 

The  substrate  materials  are  all  amorphous.  They  differ  in  their  thermal 
conductivities  and  thermal  expansion  coefficients.  Kapton  foil  is  of 
special  interest  because  of  its  thermal  expansion  coefficient  a=2*10*5 
is  nearly  the  same  as  that  of  Bi2Te3  and  Sb2Te3. 

The  evaporant  consists  of  either  (Bi0  25Sb0  75)2Te3  (p-type  material)  or 
Bi2(Te09Se0  ,)3  +  0.04  J  (n-type  material)  and  some  at%  additional 
Tellurium,  to  reach  stoichiometric  composition  of  the  films.  The 
material  was  homogenized  at  850  °C  in  quartz  ampoules  and  milled  to 
a  grain  size  of  about  200  pm. 

After  film  deposition,  an  additional  annealing  process  (3  hours  at 
300°C  in  small  evacuated  ampoules  to  prevent  re-evaporation)  was 
necessary  to  get  a  high  figure  of  merit  Z. 

The  most  important  requirement  in  order  to  get  high  Z  values  is  the 
stoichiometric  composition  within  the  solubility  boundaries  of  the 
phase  diagram. 

The  precision  of  common  measuring  methods  (i.  e.  EDX,  AAS)  it  is 
not  sufficient  to  check  the  stoichiometry.  In  the  experimental  praxis, 
stoichiometric  composition  is  indicated  by  a  strong  increase  of  the 
carrier  mobility  during  the  annealing  process  [1]. 

From  this  point  of  view,  we  obtained  stoichiometric  p-type  films  at 
4... 6  at%  excess  Te  and  stoichiometric  n-type  films  at  nearly  10  at% 
excess  Te  in  the  evaporant.  The  second  value  agrees  with  sticking 
coefficients  of  Bi  and  Te  published  in  [2]. 


Texture  and  Morphology 

XRD  texture  analysis  and  SEM  pictures  of  (Bi0  25Sb075)2Te3  films  with 
optimized  thermoelectric  properties  on  Kapton  and  A1/A1203  sub¬ 
strates  are  pesented.  (the  specimens  correspond  to  the  stared  and 
hollow  circeled  curves  in  the  "Thermoelectric  Properties"  figures). 


Fig.  2:  (1  0  n)  oriented  (Bi0  25Sb0  75)2Te3  micro  crystals  on  oxidized 
silicon.  Groth  temperature  320°C. 
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Fig.  5:  (Bi0  25Sb0 75)2Te3  +  4  at%  Te,  TS=250°C,  d=l  pm,  on  oxidized 
aluminium  substrate.  Edge  of  a  broken  film. 


Fig.  3:  Same  sample  as  fig.  3,  pole  figure  of  the  (0  0  15)  reflex. 


Fig.  4:  (Bi0  25Sb075)2Te3  +  6  at%  Te,  TS=230°C,  d=2.9pm,  on  Kap- 
ton  substrate.  Edge  of  a  broken  film. 


Fig.  6:  Same  sample  as  fig.  5,  pole  figure  of  the  (1  0  5)  reflex. 


For  getting  SEM  pictures  from  the  edge  of  broken  films,  coated 
aluminium  or  Kapton  substrates  were  stretched  so  that  the  films  were 
tom  up  into  clods  and  then  covered  with  20  nm  of  gold. 
Stoichiometric  films  grown  at  temperatures  between  200  and  300  °C 
are  smooth  and  dense  and  consist  of  large  grains  (figs.  3  and  5). 
There  is  a  greate  defference  in  the  crystallographic  orientation  of  the 
grains  between  films  on  Si  and  A1  substrates  on  the  one  hand  side  and 
on  Kapton  at  the  other.  The  first  show  a  strong  (0  0  n)  texture  (c  axis 
i  substrate  plain)  and  the  latter  a  (1  0  5)  texture.  That  means  the 
(10  5)  directions  are  perpendiculare  to  the  substrate  plain  and  the  c 
axises  have  a  tilt  of  58°  against  the  perpendicular.  This  is  shown  in 
fig.  2  and  by  the  pole  figure  of  the  (0  0  15)  reflex  (fig.  4),  and  the 
(2  0  10)  and  (110)  pole  figures  (figs.  6  and  7),  respectively. 

We  suppose  that  this  fact  is  caused  by  the  strong  difference  in  the 
thermal  conductivities  of  the  substrate  materials. 

The  (10  5)  plan  is  the  base  plane  of  a  quasi-cubic  elemental  cell.  A 
week  (10  5)  texture  was  also  observed  in  nonstoichiometric  films  and 
in  films  grown  at  room  temperature  on  oxidized  silicon. 


Fig.  7:  Same  sample  as  fig.  5,  pole  figure  of  the  (1  1  0)  reflex. 
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n  / 10  y  cm 


In  (1  0  5)  oriented  (Bi025Sb0  75)2Te3  films  on  Kapton,  high  earner 
mobilities  and  power  factors  could  be  achieved. 

Thermoelectric  Properties 

p  -  (Bi025Sb0  75)2Te3  films  (fig.  8): 

1  pm  thick  films  on  both  A1/A1203  and  Kapton  substrates  show  See- 
beck  coefficients  near  260  pV/K  at  300  K.  This  is  the  same  as  the 
maximum  value  in  single  crystals,  caused  by  the  solubility  limit  of 
Tellurium. 

Films  on  Kapton  reach  even  higher  mobilities  as  on  A1203,  probably 
because  of  the  better  matching  of  its  thermal  expansion  coefficient. 
However,  if  the  thickness  of  the  films  is  greater,  the  mobility  becomes 
smaller  and  the  carrier  concentration  increases  (see  solid  symbols). 
By  considering  the  common  defect  structure  model,  it  seems  that  the 
concentration  of  Te  becomes  smaller  if  the  films  are  thicker. 
Increasing  the  amount  of  additional  Te  in  the  evaporant  to  6  at% 
(stared  curve),  results  in  a  high  mobility  and  small  carrier  concen¬ 
tration  even  in  thick  films. 

n  -  Bi2(Te0  9Se01)3  films  (fig.  9): 

Films  without  and  up  to  0.07  at%  Iodine  doping  are  always  n-type. 
The  behaviour  of  these  films  is  more  complex  (an  additional  dopant 
is  necessary  for  obtaining  an  optimum  n-type  carrier  concentration) 
and  not  yet  fully  understood. 

It  was  tried  to  optimize  the  thermoelectric  properties  by  varying  the 
contents  of  tellurium  in  the  evaporant.  As  shown,  the  highest  power 
factor  was  reached  at  12  at%  additional  Te,  which  was  the  highest 
amount  of  Te  within  the  experiments,  whereas  the  highest  mobility 
was  reached  at  8  at%  Te.  From  published  sticking  coefficients  [2]  of 
Bi  and  Te  on  Bi2Te3  films  can  be  estimated  that  10  at%  excess  Te  are 
needed  to  grow  stoichiometric  films. 

At  low  temperatures  there  is  only  a  weak  increase  of  the  mobility, 
indicating  that  carrier  scattering  on  grain  boundaries  takes  place. 
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Experimental  investigations  have  been  performed  on  the  thermoelectric  properties  on  the  multiple- 
quantum-well  structures  of  PbTe/Pbi_a?EuiCTe  grown  by  molecular  beam  epitaxy.  Our  results  are 
found  to  be  consistent  with  theoretical  predictions  and  indicate  that  an  increase  in  Z  over  bulk 
values  may  be  possible  through  quantum  confinement  effects  using  quantum-well  structures. 

I.  INTRODUCTION  high  thermoelectric  power  S ,  a  high  electrical  conductiv¬ 

ity  cr,  and  a  low  thermal  conductivity  k.  In  general,  it  is 
Recently,  it  has  been  shown  theoretically  [1]  that  it  difficult  to  increase  Z  for  the  following  reasons.  Increas- 

may  be  possible  to  increase  the  thermoelectric  figure  mg  S  for  simple  materials  also  leads  to  a  simultaneous 

of  merit  (Z)  of  certain  materials  by  preparing  them  in  decrease  m  and  an  increase  in  <r  leads  to  a  compara- 

the  form  of  two-dimensional  quantum-well  structures.  ble  mcrease  ln  the  electronic  contribution  to  k  because 

The  two-dimensional  quantum  confinement  can  signifi-  °.f  the  Wiedemann-Franz  law.  So  with  known  conven- 

cantly  enhance  the  density  of  electron  states,  hence  mak-  tlonal  solids’  a  Umlt  18  rapldly  obtained  where  a  mod- 

ing  possible  the  improvement  of  the  thermoelectric  fig-  Ration  to  any  one  of  the  three  parameters  S,  <r  or  k 

ure  of  merit.  The  same  consideration  applies  to  one-  adversely  afFects  the  other  transport  coefficients,  so  that 

dimensional  systems  [2],  which  have  been  shown  to  be  resu^nS  %  does  not  vary  significantly.  Currently, 

even  more  promising  for  improvement  of  the  thermoelec-  *  e  mater^s  w^h  the  highest  Z  are  Bi2Te3  alloys  such 

trie  properties.  This  framework  of  low  dimensional  quan-  as  Bh^Sbi  .sTes,  with  ZT  ~  1.0  a t  T  =  300  K  [3].  Only 

turn  confinement  allows  new  classes  of  materials,  which  sma  increases  in  Z  have  been  achieved  in  this  system 

would  not  be  interesting  for  their  thermoelectric  proper-  ^or  ^wo  decades>  so  ^  now  felt  that  the  Bi2Te3 

ties  in  three  dimensions,  to  be  of  interest  for  thermoelec-  compounds  may  be  nearing  the  limit  of  their  potential 

trie  applications.  performance. 

Using  PbTe/Pbi_a.Eua.Te  multiple-quantum- well  earher  papers  [1,4],  we  considered  theoretically  the 

structures  grown  by  molecular  beam  epitaxy,  we  have  effect  on  Z  of  using  materials  in  two-dimensional  (2D) 

performed  thermoelectric  and  other  transport  measure-  structures  such  as  2D  multiple-quantum-well  (MQW) 

ments  as  a  function  of  quantum  well  thickness  and  dop-  structures,  and  showed  that  this  approach  could  yield  a 

ing.  Our  results  are  found  to  be  consistent  with  theoret-  significant  increase  in  Z  over  the  bulk  value  as  the  quan- 

ical  predictions  and  indicate  that  an  increase  in  Z  over  ^um  wed  widfh  is  decreased.  The  proposed  increase  in 

bulk  values  within  the  PbTe  quantum  wells.  This  work  ^  arises  mainly  from  the  enhancement  of  the  density  of 

shows  that  it  may  be  possible  through  quantum  confine-  electron  states  per  unit  volume  that  occurs  for  small  well 

ment  effects  using  quantum- well  structures  to  achieve  widths.  Other  workers  have  extended  our  initial  calcula- 

higher  overall  Z  values  compared  with  the  bulk  value.  tion  and  confirmed  that  an  increase  in  Z  over  bulk  values 

To  be  a  good  thermoelectric  material  for  cooling  ap-  may  he  possible  for  narrow  well  widths  [5-7].  In  this  pa- 

plications,  the  material  must  have  a  high  thermoelectric  Per>  we  rePor^  an  experimental  investigation  to  test  our 

figure  of  merit,  Z.  The  figure  of  merit  is  defined  by  [3]  theoretical  predictions. 

The  MQW  system  used  for  the  investigation  is  the 
2  _  S2cr  PbTeZPbi_a.Eua.Te  system,  whose  fabrication  technol- 

~k  ^  '  ogy  is  relatively  well-developed.  Bulk  PbTe  is  a  rela¬ 

tively  good  thermoelectric  material  with  a  ZT  of  0.4  at 
where  5  is  the  thermoelectric  power  (Seebeck  coefficient),  300  K,  so  that  a  reasonable  increase  in  Z  due  to  2D  ef- 

<r  is  the  electrical  conductivity  and  k  is  the  thermal  con-  fects  could  result  in  a  Z  higher  than  the  best  Bi2Te3 

ductivity.  In  order  to  achieve  a  high  Z ,  one  requires  a  alloys.  In  the  PbTe/Pb^Eua-Te  system,  the  PbTe  is 
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the  quantum  well  and  Pbi_a.Eu2Te  is  the  barrier  mate¬ 
rial.  Such  structures  have  a  type  I  band  alignment  and 
a  nearly  symmetric  offset  between  the  valence  and  con¬ 
duction  bands  [8].  The  energy  gap  of  the  Pb1_a.Eu3.Te 
barrier  increases  strongly  with  the  Eu  content  [9],  so 
only  about  6%  Eu  can  give  large  confinement  energies 
and  yield  2D  transport  for  electrons  in  the  PbTe  quan¬ 
tum  wells  [10].  Since  the  carrier  mobility  of  Pb1_a.Eu3.Te 
also  decreases  rapidly  with  increasing  Eu  content  [10], 
low  values  of  x  were  used  in  the  experiments. 

Our  proposed  increase  in  Z  in  MQW  structures  oc¬ 
curs  in  the  quantum  wells  alone.  In  order  to  extract  the 
well  transport  properties  easily  from  our  MQW  results, 
we  needed  to  grow  samples  for  which  the  transport  is 
dominated  by  2D  conduction  in  the  wells,  with  negli¬ 
gible  barrier  conduction.  Using  mobility  measurements 
[11],  we  found  that  samples  dominated  by  conduction  in 
the  quantum  well  could  be  obtained  at  300  K  using  a 
barrier  Eu  content  of  x  >  7%  and  barrier  widths  larger 
than  350  A.  We  measured  carrier  mobilities  of  over  1400 
cm2V“1s_1  in  our  MQW  samples,  which  is  comparable 
to  values  in  our  best  PbTe  thick  film  (bulk)  samples  with 
mobilities  of  1600  cm2V~1s~1.  Since  the  mobility  of  our 
barrier  layers  (45  cm2V“1s~1)  is  much  lower  than  that 
of  the  wells,  the  mobility  of  a  MQW  sample  should  be 
significantly  less  than  bulk  PbTe  if  there  were  signifi¬ 
cant  conduction  in  the  barrier  region.  This  observation 
is  used  in  experimental  verification  of  carrier  confinement 
in  MQW  structures. 

According  to  our  model  [1],  the  increase  in  Z  due  to 
2D  quantum  confinement  effects  arises  mainly  from  the 
power  factor  S2<r,  while  the  lattice  thermal  conductivity 
is  assumed  to  be  unchanged  from  the  bulk  value  except 
for  well  widths  less  than  about  10  A.  In  fact,  we  also  as¬ 
sumed  that  the  mobility  of  the  quantum  well  would  be 
the  same  as  the  best  bulk  value  -  an  assumption  which  we 
verified  experimentally  -  so  any  increase  in  Z  would  arise 
through  the  factor  S2n)  where  n  is  the  carrier  density  in 
the  quantum  well.  Therefore,  according  to  our  model,  we 
would  expect  to  observe  an  increase  in  S2n  as  the  well 
width  is  narrowed. 

Samples  were  grown  by  molecular  beam  epitaxy 
(MBE)  in  a  modified  Varian  360  MBE  system.  Details 
of  the  sample  preparation  and  characterization  are  given 
elsewhere  [11].  The  resistivity,  Hall  coefficient  and  See- 
beck  coefficient  of  the  samples  were  measured  at  300  K. 
Contacts  were  made  with  an  In  alloy,  which  results  in 
excellent  ohmic  contacts  for  n-type  samples.  Chromel- 
Alumel  thermocouples  were  used  in  measuring  the  See- 
beck  coefficient.  Since  we  had  already  established  that 
virtually  all  the  conduction  in  our  MQW  samples  is  in 
the  PbTe  well  and  that  barrier  electronic  conduction  can 
be  neglected,  we  were  able  to  focus  our  attention  on  the 
transport  properties  of  the  quantum  well  alone.  Thus 
the  carrier  density  in  the  quantum  wells  could  be  calcu¬ 
lated  directly  from  the  Hall  coefficient  and  the  well  width. 
Also,  the  Seebeck  coefficient  of  the  wells  was  equal  to  the 
measured  S  of  the  MQW  sample.  For  each  sample,  the 


value  of  the  well  S2n  was  obtained  and  the  results  are 
shown  as  full  circles  in  Fig.  1.  Here  the  results  for  S2n  as 
a  function  of  well  thickness  are  shown  in  Fig.  1(a),  while 
Fig.  1(b)  shows  S2n  as  a  function  of  carrier  density.  The 
corresponding  results  for  bulk  single  crystal  PbTe  ob¬ 
tained  from  Ref.  [11]  are  also  shown  on  these  plots.  The 
data  points  in  Fig.  1(a)  show  an  increase  in  S2n  as  the 
well  width  is  narrowed,  and  the  well  S2n  may  reach  sev¬ 
eral  times  the  bulk  value  for  small  well  widths  that  are 
experimentally  achievable.  These  results  are  predicted 
by  our  theoretical  model  and  therefore  give  qualitative 
support  to  the  idea  that  MQW  structures  may  be  used 
to  improve  Z  over  bulk  values.  To  obtain  a  quantita¬ 
tive  comparison  between  experiment  and  theory,  we  used 
our  model  to  calculate  values  of  S2n  vs  a  and  vs  n  for 
the  Pbo.927Euo.o73Te  MQW  system  as  described  below. 


FIG.  1.  (a)  S2n  results  for  PbTe/Pb0  .927  Euo.0  73  Te 

MQWs  (full  circles)  as  a  function  of  well  width  a  at  300  K. 
For  comparison,  the  best  experimental  bulk  PbTe  value  is 
also  shown.  Calculated  results  for  optimum  doping  using 
our  model  are  shown  as  a  solid  line,  (b)  S2n  results  for  the 
same  PbTe/Pbo.927Euo.o73Te  MQW  samples  (full  circles) 
as  a  function  of  carrier  density  n  at  300  K.  Calculated  re¬ 
sults  using  our  model  for  different  well  widths  are  indicated 
as  solid  curves. 

In  our  original  model  [1] ,  we  considered  a  quantum  well 
in  which  only  a  single  subband  contributes  to  the  trans- 
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port  and  to  Z.  However,  in  a  PbTe  quantum  well  there 
are  multiple  subbands  which  contribute  to  the  transport. 
For  example,  in  the  case  of  a  PbTe  superlattice  in  the 
(111)  direction,  one  of  the  carrier  pockets  will  have  its 
main  symmetry  axis  normal  to  layer  planes,  while  the 
other  three  carrier  pockets  will  have  their  main  symme¬ 
try  axes  at  equivalent  oblique  directions.  Thus,  to  do  a 
realistic  calculation  of  the  transport  properties  of  PbTe 
quantum  wells,  it  is  necessary  to  know  the  relative  en¬ 
ergies  of  all  subband  extrema  and  then  to  include  all 
subbands  in  calculating  the  overall  5  and  n.  The  En¬ 
velope  Function  Approximation  (EFA)  was  used  to  cal¬ 
culate  the  positions  of  the  energy  levels  in  the  MQW 
structures.  The  EFA  calculation  involves  solving  for  the 
electron  eigenstates  in  both  the  well  and  barrier  materi¬ 
als,  and  matching  the  wavefunctions  at  the  interface  with 
appropriate  boundary  conditions  to  find  the  energy  lev¬ 
els  and  dispersion  relations  in  the  quantum  well.  Yuan  et 
al.  [8]  applied  the  EFA  method  to  the  PbTe/Pb1_a.Eu;cTe 
MQW  system  with  great  success  and  used  it  to  reproduce 
their  experimental  optical  data,  without  any  fitting  pa¬ 
rameters.  We  used  the  same  approach  [8]  to  calculate 
the  positions  of  the  energy  levels  in  our  MQW  samples. 
To  use  the  EFA  method,  the  band  gaps,  band  offsets, 
interband  momentum  matrix  elements,  and  far  band  pa¬ 
rameters  must  be  known.  The  band  gap  of  PbTe  is  319 
meV  at  300  K  [9],  We  determined  the  band  gap  for  our 
Pt>o.927Eu0.o73Te  barrier  material  to  be  630  meV  from 
infrared  transmission  measurements  of  single  layer  thick 
film  samples.  The  band  offsets  were  estimated  by  as¬ 
suming  the  relation  determined  experimentally  by  Yuan 
et  ah  [8]:  AEc/AEg  —  0.55,  where  A Ec  is  the  conduc¬ 
tion  band  offset  and  AEg  is  the  difference  in  band  gap 
between  the  well  and  barrier  materials.  Finally,  the  mo¬ 
mentum  matrix  elements  and  far  band  parameters  were 
obtained  from  Table  III  of  Ref.  [8]. 

Once  we  had  calculated  the  positions  of  the  energy 
levels  in  the  quantum  wells,  the  next  step  was  to  calcu¬ 
late  values  for  the  Seebeck  coefficient  and  carrier  density 
within  the  framework  of  our  theoretical  model,  using  ex¬ 
pressions  for  the  Seebeck  coefficient  S{  and  carrier  density 
rii  of  the  i-th  subband  [1]  given  by: 

ni  =  (2) 


and 


Si  = 


'2 FiiQ) 

Men 
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where  the  function  Fj  for  a  Fermi-Dirac  distribution  is 
given  by 


r°°  x>dx 

FACi)-Jo  «(-<?)  +  !’ 


(4) 


a  is  the  width  of  the  quantum  well,  m\  and  m2  are  the 
principal  effective  mass  components  parallel  to  the  lay¬ 


ers,  (*  =  (C  —  Ei)/ksT  is  the  reduced  Fermi  level  mea¬ 
sured  relative  to  Ei ,  the  minimum  energy  of  each  sub¬ 
band  (calculated  using  the  EFA  method),  and  (  is  the 
Fermi  level.  For  multiple  subbands,  the  total  carrier  den¬ 
sity  and  Seebeck  coefficient  are,  respectively,  n  =  JY  n* 
and  S  =  Si7ii)/(Y^i  rii ),  assuming  that  all  subbands 
have  the  same  mobility  as  a  first  approximation  and  for 
lack  of  better  experimental  knowledge. 

For  our  S  and  n  calculations,  we  used  a  constant  bar¬ 
rier  thickness  of  460  A,  which  is  the  average  thickness 
of  all  our  samples  shown  in  Fig.  1.  We  did  calculations 
for  different  well  thicknesses  varying  from  15  A  to  50  A. 
The  effective  masses  were  extracted  from  the  two-band 
momentum  matrix  elements  in  Table  III  of  Ref.  [8].  This 
gave  a  bulk  longitudinal  effective  mass  my  =  0.620mo 
and  a  bulk  transverse  effective  mass  m±  =  0.053mo.  For 
the  2D  quantum  well,  this  gives  mx  =  m2  =  m±  for  the 
longitudinal  subbands,  and  mx  =  m± ,  m2  =  0.283rao  for 
the  oblique  subbands.  For  each  well  thickness,  we  used 
the  EFA  calculation  to  get  the  positions  of  the  energy 
levels,  E{.  Then  S  and  n  were  calculated  as  a  function  of 
Fermi  level  (  and  thus  S  and  S2n  were  found  as  a  func¬ 
tion  of  n.  The  calculated  results  of  S2n  vs  n  for  different 
well  widths  are  shown  as  solid  lines  in  Fig.  1(b).  The 
calculated  maximum  S2n  for  each  well  width  (the  peak 
of  each  curve  in  Fig.  1(b))  is  shown  vs  well  width  as  a 
solid  line  in  Fig.  1(a),  while  Fig.  1(b)  shows  that  the  op¬ 
timum  doping  increases  as  the  quantum  well  width  is  de¬ 
creased.  As  can  be  seen  from  Figs.  1(a)  and  1(b),  there  is 
very  good  agreement  between  experiment  and  theory,  es¬ 
pecially  considering  that  no  adjustable  parameters  were 
used  in  our  calculation.  Therefore  our  experimental  re¬ 
sults  on  the  PbTe/Pbo.927Euo.o73Te  superlattice  appear 
to  confirm  the  predictions  of  our  theoretical  model,  show¬ 
ing  that  MQW  structures  may  indeed  be  used  to  obtain 
an  enhancement  in  Z. 

So  far,  we  have  considered  only  S  and  n  since  it  is 
through  these  properties  that  our  theory  predicts  an  in¬ 
crease  in  Z.  However,  Z  depends  also  on  the  thermal 
conductivity,  /c.  If  we  assume  that  the  quantum  well  k 
is  the  same  as  bulk  k,  our  experimental  results  in  Fig.  1 
imply  that  the  quantum  well  Z  may  be  up  to  5  times 
greater  than  the  bulk,  giving  a  value  of  ZT  =  2.0  at 
300  K,  twice  the  value  of  the  best  bulk  thermoelectric 
materials.  However,  due  to  the  thick  barriers,  the  overall 
Z  of  the  MQW  structures  is  about  20  times  less  than  the 
well  value  if  we  assume  that  the  Pb0.927Eu0.073Te  has  the 
same  k  as  bulk  PbTe.  It  is  very  likely,  however,  that  due 
to  alloy  scattering,  the  barrier  k  is  significantly  less  than 
the  bulk  value  for  k)  in  which  case  the  overall  Z  may  be 
close  to  a  useful  value.  Measuring  k  of  our  MQW  sam¬ 
ples  to  determine  the  overall  Z  is  underway.  Although 
we  needed  wide  barriers  to  ensure  2D  well  transport,  it 
may  be  possible  to  increase  the  barrier  Eu  content  to  give 
a  higher  band  gap  so  that  thinner  barriers  can  be  used 
to  confine  the  electrons  in  the  wells. 

In  conclusion,  we  have  done  an  experimental  investi¬ 
gation  to  test  our  theoretical  model  which  predicts  an 
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increase  in  Z  in  MQW  structures.  Good  agreement  was 
found  between  the  experimental  results  and  our  calcula¬ 
tions,  giving  apparent  experimental  confirmation  of  our 
model.  This  suggests  that  MQW  structures  may  indeed 
attain  an  enhanced  thermoelectric  figure  of  merit. 
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Experimental  Evidence  of  High  Power  Factors  and  Low  Thermal  Conductivity  in  Bi2Te3/Sb2Te3 

Superlattice  Thin-Films 

R.  Venkatasubramanian,  T.  Colpitts,  E.  Watko,  and  J.  Hutchby 
Research  Triangle  Institute,  Research  Triangle  Park,  NC  27709,  USA. 


Abstract 

Thermoelectric  properties  of  p-type  Bi2Te3/Sb2Te3 
superlattice  (SL)  thin-films  grown  by  organometallic  vapor 
phase  epitaxy  (OMVPE)  are  described.  The  electrical  and 
thermal  transport  properties  including,  hole  mobility, 
Seebeck  coefficient  and  power  factor  as  a  function  of  SL 
dimension  are  described.  It  is  observed  that  the  carrier 
mobility,  Seebeck  coefficient  and  power  factor  of  the 
Bi2Te3/Sb2Te3  SL  structures  are  better  than  that  of  p-type 
BixSb2xTe3  alloys,  with  similar  bandgap  and  electrical 
resistivity.  The  improvement  in  carrier  mobility  is 
attributed  to  avoiding  or  minimizing  alloy  scattering  of 
carriers  with  SL  structures  while  the  enhanced  Seebeck 
coefficient  is  related  to  the  bandstructure  difference 
between  the  alloy  and  the  SL  structures.  Initial 
measurements  indicate  that  power  factor  improvement  of 
-50%  ,  over  corresponding  alloys,  can  be  obtained  in  SL 
structures.  We  have  measured  the  thermal  conductivity  of 
the  SL  structures  by  the  3-co  method  and  have  observed  a 
factor  of  four  to  seven  reduction  in  thermal  conductivity  of 
optimized  structures,  with  respect  to  the  alloys.  The 
electrical  conductivity  and  Seebeck  coefficient  are 
measured  in  the  plane  of  the  SL  structures,  while  the  3-0 
measured  thermal  conductivity  can  potentially  be 
dominated  by  a  component  perpendicular  to  the  SL 
structures.  Hence,  the  figure-of-merit  (ZT)  values  are 
estimated  with  a  correction  for  potential  anisotropy  of 
thermal  conductivity.  Including  this  correction,  implying 
higher  assumed  thermal  conductivities  in  the  plane  of  SL’s, 
the  preliminary  estimated  ZT  for  some  SL  structures  are  in 
the  range  of  1.22  to  1.67  at  300K. 

Introduction 

Efficient  solid  state  thermoelectric  (TE)  devices  are 
desirable  for  a  variety  of  cooling  applications.  The 
performance  of  a  TE  device  at  a  temperature  T  is 
essentially  related  to  the  ZT  of  the  material  used  to  make 
the  device.  Research  on  improving  the  ZT  of  these  bulk 
thermoelectric  materials  have  met  with  limited  success 
since  the  1960's. 

Whall  and  Parker  [1]  in  1987  suggested  the  possible 
enhancement  in  ZT  of  SiGe-thermoelectric  materials  by 
using  SL  structures,  through  carrier  confinement  in 
quantum  wells  to  obtain  an  enhancement  in  Seebeck 
coefficient  and  by  modulation  doping  to  obtain 
conductivity  enhancement.  In  1992,  a  National 
Thermogenic  Workshop  was  organized  [2]  to  consider 
various  approaches  to  obtain  a  significant  breakthrough  in 


the  performance  of  thermoelectric  materials.  Thin-film 
approaches  using  quantum-well  confined  structures  to 
enhance  power-factor  [3,4]  and  SL  structures  to  decrease 
thermal  conductivity  without  deteriorating  electrical 
conductivity  [5]  were  proposed  in  this  workshop.  The 
motivation  for  the  use  of  superlattice  structures  to  reduce 
thermal  conductivity  came  from  the  observed  reduction  of 
lattice  thermal  conductivity  using  solid  solution  alloying  in 
the  Bi2Te3-  Sb2Te3  and  Bi2Te3-Bi2Se3  material  system.  In 
this  system,  the  reduction  in  lattice  thermal  conductivity  has 
been  attributed  to  lattice  distortions  that  are  effective  m 
phonon  scattering,  thereby  impeding  the  flow  of  heat. 
Similarly,  lattice  perturbations  and  the  atomic  mass 
fluctuations  at  the  SL  interfaces  are  expected  to  enhance 
phonon  scattering  rates.  If  thin-film  TE  materials  do  show  a 
quantum  jump  in  ZT,  a  planar,  thin-film,  thermoelectric 
device  process  technology  denoted  as  Monolithically 
Interconnected,  Superlattice-Structured  Thermoelements 
(MISST)  [5]  has  been  proposed  as  a  possible  approach  to 
achieve  a  practical  application  of  thin-film,  superlattice- 
type  structures  to  high-performance  thermoelements. 

Several  groups  have  begun  a  detailed  theoretical 
investigation  of  the  benefits  of  superlattices  [6,  7]  and  some 
laboratories  have  embarked  on  the  experimental 
demonstration  of  improved  ZT  at  300K  in  thin-film 
quantum-well  and  SL  structures.  In  this  paper,  we  will 
focus  on  the  experimental  results  in  the  the  TE  properties  of 
Bi2Te3/Sb2Te3  SL  structures.  We  describe  the 
characterization  of  thermoelectric  properties  of  SL 
structures,  where  the  properties  have  been  investigated  as  a 
function  of  the  SL  dimension.  Such  a  dimensional-related 
quantification  is  important  to  distinguish  that  the  improved 
properties  result  from  a  SL  approach,  rather  than  arising 
purely  from  an  epitaxial  deposition  process. 

Deposition  of  Bi2Te3/Sb2Te3  SL  Structures 

We  have  used  the  organometallic  vapor  phase  epitaxy 
(OMVPE)  growth  process  to  deposit  the  Bi2Te3  and  Sb2Te3 
films  [8]  on  both  semi-insulating  GaAs  substrates  and  A1203 
substrates.  X-ray  diffraction  data  indicate  that  the  films 
grown  on  both  these  substrates  are  single  crystalline  and  c- 
oriented.  The  x-ray  full- width  at  half-maximum,  a  quality 
parameter,  of  the  Bi2Te3  film  grown  by  OMVPE  is 
comparable  or  better  than  that  of  a  recently  reported  MBE 
grown  Bi2Te3  film  on  Sb2Te3  substrate  [9].  The 
stoichiometry  of  Bi2Te3  and  Sb2Te3  films  have  been 
confirmed  by  Rutherford  Backscattering  and  X-ray 
photoemission  spectroscopy,  respectively.  The  as-grown 
Bi2Te3  films  are  n-type  and  Sb2Te3  films  are  p-type, 
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determined  by  Hall-effect  measurements.  However,  the  as- 
grown  Bi2Te3/Sb2Te3  SL  structures  were  always  found  to 
be  p-type.  More  details  of  the  growth  of  these  materials 
will  be  presented  elsewhere  [10]. 

An  important  concern  in  the  growth  of  SL  structures  is  the 
possibility  of  inter-mixing  between  the  constituent  layers  of 
the  SL.  In  this  regard,  it  is  instructive  to  examine  the  crystal 
structure  of  a  layered  Bi2Te3/Sb2Te3  material  along  the 
growth  direction.  The  periodic  van  der  Walls  bonding,  as 
within  Bi2Te3  and  between  Bi2Te3  and  Sb2Te3  layers  are 
likely  to  help  in  obtaining  abrupt  surface  terminations  and 
thereby  leading  to  high-quality  SL  interfaces.  This  was 
evident  in  the  XPS  spectra  obtained  on  a  very  thin  (<  50  A) 
surface-Sb2Te3  layer  grown  on  a  thick  Bi2Te3  layer  The 
XPS  data  evaluated  in  both  normal  and  glancing  modes, 
indicated  a  negligible  presence  of  Bi  in  the  surface  Sb2Te3 
layer.  This  provided  some  evidence  that  abrupt  termination 
of  Bi2Te3  layer  was  likely  achieved  prior  to  the  growth  of 
Sb2Te3  layer.  The  quality  of  the  Bi2Te3/Sb2Te3  SL 
structures  were  assessed  by  single-crystal  x-ray  diffraction. 
We  have  observed  clear  satellite  peaks,  corresponding  to 
the  periodicity  of  the  superlattices.  Good  agreement 
(usually  within  10%)  was  obtained  between  the  nominal 
value  of  the  period  estimated  from  growth-rates  of  the 
individual  layers  and  the  period  deduced  from  the  position 
of  the  superlattice  satellite  peaks  [10]. 

Thermoelectric  Properties  of  Bi2Te3/Sb2Te3  SL 
Structures 

In  this  section,  we  consider  the  properties  of  two  types  of 
SL  structures.  A  schematic  of  the  SL  structures  grown  on  a 
semi-insulating  GaAs  substrate  is  shown  in  Figure  1.  One 
type  is  the  symmetric  SL,  where  the  thickness  of  the  Bi2Te3 
and  the  Sb2Te3  layers  are  kept  the  same.  The  other  is  the 
non-symmetric  SL,  where  the  thickness  of  the  Sb2Te3 
region  is  larger  than  the  Bi2Te3  layer. 


Figure  1  Schematic  of  Bi2Te3/Sb2Te3  SL  Structures. 

Carrier  Mobility 

The  behavior  of  hole  mobility  of  the  p-type  Bi2Te3/Sb2Te3 
symmetrical  SL  structures,  as  a  function  of  SL  dimension  is 
indicated  in  Figure  2a.  We  notice  that  for  all  the  SL 
periods,  the  mobility  is  higher  than  that  of  a  corresponding 
(Bi05Sb05)2Te3  alloy,  for  similar  resistivity  values.  We  note 


that  even  for  a  SL  dimension  of  ~  10  A,  the  mobility  of  SL 
structure  is  better  than  a  comparable  solid  solution  alloy. 
This  is  evidence  of  avoiding  or  minimizing  alloy  scattering 
of  carriers  in  Bi2Te3/Sb2Te3  SL’s,  relative  to  the 
(Bi0.5Sb0.5)  2Te3  alloy.  However,  we  do  notice  a  big  drop  in 
mobility  when  the  SL  dimension  falls  below  the  unit  cell 
dimension  of  ~30  A. 

The  carrier  mobility  of  non-symmetrical  SL  structures,  for 
a  constant  Bi2Te3  layer  thickness  of  ~15A,  is  shown  as  a 
function  of  Sb2Te3  layer  dimension  in  Figure  2b.  We  once 
again  note  that  for  a  Sb2Te3  dimension  >30  A,  the  mobility 
of  the  SL  structure  exceeds  that  of  a  solid  solution 
(BJq  ^Sbj  5)  Te3  alloy. 
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Figure  2a  Carrier  mobility  of  symmetrical  Bi2Te3/Sb2Te3 
SL  structures. 


SbTe3  Dimension  (A) 

Figure  2b  Carrier  mobility  of  non-symmetrical 

Bi2Te3/Sb2Te3  SL  structures. 

Seebeck  coeftlcient 

The  300K  Seebeck  coefficient  of  the  symmetrical  and  non- 
symmetrical  Bi2Te3/Sb2Te3  SL  structures,  as  a  function  of 
the  SL  dimension,  are  shown  in  Figure  3a  and  3b.  We  see  a 
near  50%  increase  in  Seebeck  coefficient  with  nearly  a  ten¬ 
fold  to  three-fold  reduction  in  SL  dimension,  which  is 
relatively  small  compared  to  a  100%  increase  in  Seebeck 
coefficient,  in  going  from  40-A  well  to  20-A  well  in  the 
PbTe/Pb()927Eu0073Te  system  [11].  This  can  be  understood 
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in  terms  of  the  difference  in  the  properties  of  Bi2Te3/Sb2Te3  that  the  Seebeck  coefficient  increases  with  a  shorter  SL 
and  PbTe/Pb()  927Eu0073Te  hetero- interfaces.  dimension. 


Figure.  3a  Variation  of  the  Seebeck  coeffcient  with  SL 
dimension  in  a  symmetrical  SL  structure. 


It  is  important  to  note  in  both  Figs.  3a  and  3b,  the  Seebeck 
coefficients  of  the  short-period  symmetrical  and  non- 
symmetrical  SL  structures  are  higher  than  that  of  BiSbTe3 
alloy  and  a  (BiQ5Sbl  5)  Te3  alloy  films,  respectively.  This  is 
partly  related  to  the  bandstructure  differences  between  the 
respective  SL  structure  and  the  corresponding  alloy. 

The  band  diagram  comparison  of  a  p-BiSbTe3  alloy  and  a 
p-type  Bi2Te3/Sb2Te3  SL  is  shown  in  Figure.  4,  assumimg 
that  the  bandgap  difference  (-0.08  eV)  between  Bi2Te3  and 
Sb2Te3  splits  equally  between  conduction  and  valence 
bands.  The  relation  to  obtain  Seebeck  coefficient  is  given 
by: 

oo 

}Ea(E)dE 

- - E* 

oo  I 

Jo( E)  dE 

E  =  EV 


We  can  observe  that  the  dependence  of  conductivity  (a)  on 
the  energy  (E)  are  different  in  the  two  cases  in  Fig.  4.  For 
the  same  conductivity,  the  higher  mobility  in  the  SL 
compared  to  the  alloy,  leads  to  lower  carrier  concentration 
and  therefore  lower  hole  Fermi  level  (Ef).  This  potentially 
leads  to  a  larger  Seebeck  coefficient  for  the  SL  structures. 


Figure. 3b  Variation  of  the  Seebeck  coefficient  with  Bi2Te3 
dimension  for  a  constant  Bi2Te3  layer  thickness  of  15 A. 

The  bandgap  difference  between  PbTe  and  Pb()  927Eu0  073Te 
is  about  0.31  eV  at  300K.  In  contrast,  the  bandgap 
difference  between  the  Bi2Te3  and  Sb2Te3  is  expected  to  be 
about  0.08  eV  at  300K  .  The  distribution  of  this  small 
bandgap  difference  in  the  Bi2Te3/Sb2Te3  SL  system, 
between  a  valence-band  offset  and  a  conduction-band 
offset,  has  not  been  measured.  However,  at  this  point,  we 
can  assume  that  these  band-offsets  are  expected  to  provide 
only  marginal  quantum-confinement  effects  at  300  K.  This 
rather  weak  confinement  could  explain  the  relatively  slow 
rise  in  Seebeck  coefficient  with  SL  dimension  in  the 
Bi2Te3/Sb2Te3  SL  structures.  We  also  note  the  eventual 
drop  in  Seebeck  coefficient  with  decrease  in  SL  dimension, 
in  the  range  of  -15  A  to  -10  A,  probably  a  result  of  the 
sharp  increase  in  carrier  levels. 

The  300K  Seebeck  coefficient  of  the  non-symmetrical 
Bi2Te3/Sb2Te3  SL  structures,  as  a  function  of  the  Sb2Te3 
dimension,  is  shown  in  Figure  3b.  Once  again,  we  observe 


Power  Factor 

The  effects  of  improved  carrier  mobilities  and  higher 
Seebeck  coefficients,  with  smaller  SL  dimension,  act 
together  to  increase  the  power  factor  of  both  symmetrical 
and  non-symmetrical  Bi2Te3/Sb2Te3  SL  structures  for  short 
SL  dimensions.  This  is  depicted  in  Figure  5.  We  note  that 
the  power  factor  of  the  non-symmetric  SL  structures  are 
consistently  higher  than  the  symmetrical  SL’s,  due  to  the 
effect  of  higher  mobilities  for  the  same  resistivities.  We 
have  observed  a  best  power  factor  of  about  59  pW/cm-K2, 
in  a  non-symmetrical  SL.  This  is  -50%  better  than  that  of  a 
state-of-the-art,  p-type,  bulk  (Bi025Sb075)2Te3  alloy  [12]. 

Thermal  Conductivity  Reduction  in  Bi2Te3/Sb2Te3  SL 
Structures 

An  important  objective  of  our  experimental  research  effort 
on  short-period  Bi2Te3/Sb2Te3  SL  structures  has  been  to 
demonstrate  that  phonon-scattering  at  the  SL  interfaces  can 
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Figure.  4  The  band  diagrams  for  the  p-BiSbTe3 alloy  and  a  p-type  Bi2Te3/Sb2Te3  SL. 


■  Symmetric al  •  Non-Symmelrical  (Bi2Te.>  ~  15  A) 


Figure  5  Variation  of  power  factor  with  SL  dimension. 

reduce  lattice  thermal  conductivity  and  then  verify  if  it  is 
indeed  possible  to  obtain  values  lower  than  in  solid- 
solution  (Bi{)  25SbW75)2Te3  alloys  [5]  from  additional 
phonon-scattering  processes  unique  to  periodic  structures. 
For  example,  in  a  SL,  the  minimum  phonon  energy 
required  to  produce  an  Umklapp  process  is  reduced 
relative  to  a  bulk  alloy.  Thus,  this  study  is  important  to 
take  further  advantage  of  the  improved  electrical  transport 
and  power  factor  of  Bi2Te3/Sb2Te3  SL  structures,  in  the 
overall  optimization  of  ZT  values. 

The  3-co  technique  [12]  has  been  used  to  measure  thermal 
conductivity  (X)  of  thin-films  from  an  indirect 
measurement  of  thermal  diffusivity.  Essentially,  a  thin 
metal  strip  with  four  pads  to  measure  current  and  voltage 
is  deposited  on  the  film  surface.  The  metal  strip  serves  as 
the  heater  (by  I2  R  heating)  and  a  thermometer  because  of 
the  temperature-dependent  electrical  resistance  of  the 
strip  is  related  to  the  thermal  conductivity  of  the 
thermoelectric  material.  Thus  the  thermal  conductivity 
can  be  related  to  measured  voltages.  The  application  of 
an  ac  current  (I)  with  an  angular  frequency  co  causes  a  I2 
R  heating  temperature  wave  of  frequency  2co  to  diffuse 
into  the  substrate.  Since  the  film  resistance  itself  varies 
with  temperature,  the  resistance  oscillation  at  2co 
multiplied  by  the  excitation  current  at  co  produces  a 
voltage  oscillation  at  3co.  The  3co  voltage  can  be 
conveniently  measured  by  lock-in  amplifier  techniques. 

Figure  6  shows  the  thermal  conductivity  data  on  both 
symmetrical  and  non-symmetrical  Bi2Te3/Sb2Te3  SL 
structures,  as  a  function  of  the  SL  dimension.  The  thermal 
conductivity  values  show  a  fall  with  shorter  SL 
dimension.  We  observe  an  apparent  minimum  thermal 


conductivity  when  the  Bi2Te3  or  Sb2Te3  dimension 
approaches  -30  A,  the  unit  cell  dimension.  For  these  SL 
dimensions,  we  obtain  a  thermal  conductivity  value,  as 
low  as  -2.0  mW/cm-K.  It  is  very  interesting  to  note  that 
when  the  SL  dimension  is  less  than  30  A,  the  measured 
thermal  conductivity  actually  increases  and  tend  to 
approach  the  measured  bulk  alloy  values,  which  are  also 
indicated  in  Fig.  6. 

■  Symmetrical  •  Non-Symmctrical 


Figure  6  Variation  of  thermal  conductivity  with  SL 
dimension. 

Comments  on  Anisotropy  of  3co-Measured  Thermal 
Conductivities  in  SL  Structures 

It  is  worth  noting  that  the  3o>  measured  values  of  thermal 
conductivities  for  the  two  alloy  samples  are 
approximately  equal  to  the  geometric  mean  of  known 
thermal  conductivities  along  the  “a”  and  “c”  directions  in 
bulk  crystals  [13].  Thus  the  3o>thermal  conductivity 
method,  at  least  for  the  frequencies  used  in  this  study  and 
therefore  being  affected  by  the  spread  of  the  thermal 
wave  in  the  direction  parallel  to  the  SL  interfaces  as  well, 
is  not  likely  to  be  dominated  solely  by  the  thermal 
conductivity  perpendicular  to  the  SL  interfaces.  This  is 
further  apparent  in  the  fact  that  the  3co-measured  thermal 
conductivities  in  GaAs/Al08Ga()2As  SL  (dimension 
-100 A)  are  geometric  mean  of  the  in-plane  and 
perpendicular  thermal  conductivity  of  a  GaAs/AlAs  SL 
[14].  A  recent  measurement  [15]  of  a  more-likely 
through-thickness  thermal  conductivity  of  a  GaAs/AlAs 
SL  for  about  the  same  SL  dimension  is  a  factor  of  2.3 
lower  than  either  the  3co  measured  value  or  the  in-plane 
value. 
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ZT  in  Bi2Te3/Sb2Te3  SL  Structures 

The  power  factors  in  Bi2Te3/Sb2Te3  superlattice  structures 
are  clearly  measured  in  a  direction  parallel  to  the 
superlattice  interfaces.  In  contrast,  the  3o>measured 
thermal  conductivity  values  could  be  dominated  by  the 
component  perpendicular  to  the  SL  interfaces.  This 
makes  the  determination  of  ZT  values  of  these  structures 
not  straightforward.  However,  we  can  estimate  the 
possible  thermal  conductivity  values  in  Bi2Te3/Sb2Te3  SL 
structures  parallel  to  the  superlattice  interfaces  based  on 
some  recent  comparative  measurement  f  16]  of  thermal 
conductivity  in  GaAs/AlAs  superlattice  structures,  both 
perpendicular  and  parallel  to  the  superlattice  interfaces. 
This  work  suggests  that,  in  a  worst-case  scenario,  the 
thermal  conductivity  parallel  to  superlattice  interfaces 
could  be  higher  than  that  of  perpendicular  to  the 
interfaces  by  a  factor  of  about  2.6.  Thus,  we  can  estimate 
that  the  thermal  conductivities  of  the  Bi2Te3/Sb2Te3 
superlattices  are  probably  higher  in  the  plane  of  the 
superlattice-interfaces  by  this  ratio.  This  leads  us  to 
estimate  a  three-dimensional  ZT3D  of  around  1.65 ,  for 
some  of  the  best  Bi2Te/Sb2Te3  superlattice  samples  in  the 
direction  parallel  to  the  superlattice  interfaces  at  300K 
(Fig.  7).  The  estimation  of  ZT3D  for  the  superlattices,  in 
the  direction  perpendicular  to  the  interfaces,  is  much 
more  complicated  and  will  require  the  measurement  of 
Seebeck  coefficient  and  conductivity  in  this  direction; 
such  an  effort  is  in  progress. 
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Figure.  7  Variation  of  ZT  at  300K  with  SL  dimension. 

Summary 

Thermoelectric  properties  of  p-type  Bi2Te3/Sb2Te3  SL 
thin-films  grown  by  OMVPE  are  described.  It  is  observed 
that  the  carrier  mobility,  Seebeck  coefficient  and  power 
factor  of  the  Bi2Te3/Sb2Te3  SL  structures  are  better  than 
that  of  p-type  BixSb2  xTe3  alloys,  with  similar  bandgap  and 
electrical  resistivity.  The  improvement  in  carrier  mobility 
is  attributed  to  avoiding  or  minimizing  alloy  scattering  of 
carriers  with  SL  structures  while  the  enhanced  Seebeck 
coefficient  is  related  to  the  bandstructure  difference 
between  the  alloy  and  the  SL  structures.  Initial 
measurements  indicate  that  power  factor  improvement  of 
-50%,  over  corresponding  alloys,  can  be  obtained  in  SL 
structures.  We  have  obseved  that  the  thermal  conductivity 
of  the  SL  structures  are  a  factor  of  four  to  seven  smaller 
with  respect  to  the  alloys.  The  electrical  conductivity  and 
Seebeck  coefficient  are  measured  in  the  plane  of  the  SL 


structures,  while  the  3-co-measured  thermal  conductivity 
can  potentially  be  dominated  by  a  component 
perpendicular  to  the  SL  structures.  Hence,  the  figure-of- 
merit  (ZT)  values  are  estimated  with  a  correction  for 
potential  anisotropy  of  thermal  conductivity.  Including 
this  correction,  the  estimated  ZT  at  300K  for  some  SL 
structures  are  in  the  range  of  1 .22  to  1.67. 
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Abstract 

The  deposition  of  compositionally-modulated 
(Bii_xSbx)2(Tei.ySey)3  thermoelectric  multilayer  films  by 
magnetron  sputtering  has  been  demonstrated.  Structures  with  a 
period  of  140 A  are  shown  to  be  stable  to  interdiffusion  at  the 
high  deposition  temperatures  necessary  for  growth  of  single¬ 
layer  crystalline  films  with  ZT  >0.5.  These  multilayers  are  of 
the  correct  dimension  to  exhibit  the  electronic  properties  of 
quantum  well  structures.  Furthermore  it  is  shown  that  the 
Seebeck  coefficient  of  the  films  is  not  degraded  by  the  presence 
of  this  multilayer  structure.  It  may  be  possible  to  synthesize  a 
multilayer  thermoelectric  material  with  enhanced  ZT  by 
maximizing  the  barrier  height  through  optimization  of  the 
composition  of  the  barrier. 

Introduction 

While  thermoelectrics  are  used  in  countless  temperature 
sensing  applications,  their  use  for  electrical  power  generation 
or  cooling  is  limited  by  their  relatively  low  efficiency 
compared  to  mechanical  heat  engines  and  CFC/HCFC  based 
refrigeration  cycles.  Theoretical  predictions  by  Hicks  and 
Dresselhaus  suggest  that  using  2D  quantum  confinement  of  the 
charge  carriers  in  multilayer  thermoelectric  materials  may  lead 
to  a  substantial  increase  in  the  figure  of  merit  (Z).[12]  Enhanced 
thermoelectric  properties  in  quantum  well  (QW)  layers  have 
been  recently  demonstrated  with  samples  synthesized  with 
MBE.[3]  However,  to  make  thermoelectric  multilayer  materials 
commercially  viable,  it  is  essential  to  extend  the  MBE  work 
and  grow  QW  materials  with  a  high  Z  by  an  established  high 
deposition  rate  technique  like  sputtering.[4,5]  Expertise  in  the 
field  of  multilayer  deposition  by  sputtering  has  been  developed 
at  Lawrence  Livermore  National  Laboratory  through  extensive 
work  on  multilayer  x-ray  optics  and  other  materials16'81. 

In  this  work  we  demonstrate  the  effectiveness  of 
magnetron  sputtering  to  synthesize  thermoelectric  multilayer 
materials  with  potential  for  2D  QW  behavior. 
Compositionally-modulated  (Bii_xSbx)2(Tei_ySey)3  multilayer 
films  have  been  chosen  for  this  investigation  for  several 
reasons.  First,  these  materials  have  the  best  thermoelectric 
properties  at  room  temperature.  Thus,  any  increase  in 
performance  which  can  be  achieved  will  produce  a  superior 
technological  material.  Second,  the  bandgap  can  be  varied  by 
changes  in  the  Bi:Sb  and  Te:Se  ratios  without  introducing  any 
other  elements.  We  show  that  the  inevitable  interdiffiision 
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between  layers  does  do  not  degrade  the  Seebeck  coefficient  by 
excessive  doping  of  the  QW  material. 

Experimental  procedures 
Deposition  bv  magnetron  sputtering: 

Three  characteristics  of  the  sputtering  process  have 
enabled  the  deposition  of  multilayer  thermoelectric  films  with 
abrupt  interfaces.  First,  sputtering  gives  steady  deposition  rates 
which  allow  synthesis  of  multilayer  samples  with  individual 
layers  of  uniform  thickness.  Second,  it  allows  multicomponent 
materials  to  be  deposited  from  a  single  source  without  many  of 
the  compositional  shifts  associated  with  thermal  evaporation 
techniques.  Third,  the  argon  ions  from  the  sputtering  gas  can 
be  used  to  bombard  the  growing  film  at  low  energies  by 
biasing  the  substrates.  This  ion  bombardment  can  be  used  to 
change  the  growth  morphology  by  imparting  extra  energy  to 
the  growth  surface.  Unlike  increases  in  temperature,  which  also 
increase  surface  mobility,  low  energy  ion  bombardment  does 
not  cause  interdiffusion  of  the  layers  which  have  already  been 
deposited. 

The  films  discussed  here  were  all  synthesized  in  a  system 
originally  designed  to  fabricate  multilayer  X-ray  optics.  The 
system  is  cryogenically  pumped  and  usually  achieves  base 
pressures  of  approximately  1x10 7  torr  prior  to  sputtering. 
Substrates  are  mounted  on  an  electrically-isolated  heated  stage 
which  rotates  below  two  magnetron  sputtering  guns.  The 
sputter  sources  are  usually  operated  at  an  argon  pressure  around 
0.016  torr  and  a  power  of  10  watts  to  give  deposition  rates  of 
about  5  A/s  directly  under  the  gun.  Multilayer  samples  are 
synthesized  by  alternately  sweeping  the  substrates  under  the 
magnetron  sputter  sources,  one  depositing  a  conduction  layer 
and  the  other  depositing  a  barrier  layer.  Single-layer  films  are 
made  by  using  a  single  source  and  either  sweeping  under  the 
source  or  positioning  the  substrate  directly  below  the  source. 
A  computer  controls  the  position  and  slew  rate  of  the  stage,  as 
well  as  the  sources  allowing  automated  deposition. 
Temperature,  gas  pressure,  and  gun  parameters  are  logged  by 
the  computer  as  a  function  of  time. 

Film  property  measurement: 

When  measuring  the  thermoelectric  properties  of  thin 
films,  it  is  very  important  to  make  sure  that  substrate 
interference  is  eliminated.  For  this  reason  we  have  chosen  to 
deposit  all  of  our  films  on  insulating  substrates  so  that  there 
are  no  possible  contributions  to  the  measured  electrical 
properties  from  the  substrate.  The  Seebeck  coefficient  is 
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Figure  1.  Effect  of  deposition  conditions  on  film  growth.  SEM  micrographs  of  a  series  of  films  deposited  on  mica  substrates:  a)  Rough  growth 
morphology  of  a  film  deposited  at  300°C;  b)  film  grown  at  400°C.  c)  an  isolated  crystallite  in  an  otherwise  highly  textured  film. 
Deposition  started  at  340°C  to  reduce  nucleation  of  non-textured  grains  while  a  380°C  growth  temperature  leads  to  the  best 
thermoelectric  properties. 


measured  by  bridging  the  sample  between  two  stages  which 
are  independently  temperature  controlled  from  the  boiling 
point  of  liquid  nitrogen  77  K  to  about  700  K.  K-type 
thermocouples  are  attached  to  both  ends  of  the  sample  with 
electrically-conductive  silver  paint.  The  thermocouple  leads  are 
used  to  measure  the  temperature  of  each  end  of  the  film  as  well 
as  measure  the  potential  generated  between  the  ends  of  the  film 
by  the  temperature  gradient.  The  Seebeck  coefficient  of  the 
thermocouple  wires,  which  is  well  known  can  then  be  used  to 
compute  the  absolute  Seebeck  coefficient  of  the  film.  Typically 
a  temperature  gradient  of  ~15°C  is  maintained  by  the  data 
logging  and  control  computer  as  the  samples  are  heated 
through  the  desired  temperature  range.  Details  of  this  technique 
are  described  in  earlier  publications^9,101. 

Resistivity  was  measured  at  room  temperature  with  a 
digital  ohm  meter.  These  measurements  were  confirmed  by 
using  an  AC  version  of  the  van  der  Pauw  technique.  A  two 
probe  technique  was  used  to  measure  resistivity  as  a  function 
of  temperature  from  77°K  to  about  700°K.  A  square  bipolar 
current  pulse  was  passed  through  the  sample,  and  a  lock-in 
amplifier  was  used  to  measure  the  voltage  drop  between  two 
independent  probes. [9, 101 

Single-crystal  mica  substrates  were  chosen  for  these 
experiments.  Although  mica  has  the  hexagonal  in-plane 
symmetry  of  the  films,  they  are  not  lattice  matched.  Mica  is  a 
particularly  useful  substrate  since  it  can  be  acquired  as  large 
areas  which  are  atomically  smooth.  The  ability  to  work  with 
large  area  films  deposited  on  mica  increases  the  reliability  of 
our  measurements.  The  characteristics  of  thin  mica  sheets 
which  are  strong,  flexible  and  electrically  insulating  make  it  an 
ideal  material  for  thin-film  device  applications. 

The  thin  mica  substrates  do  no  make  good  thermal 
contact  with  the  stage  making  them  difficult  to  heat.  This 
problem  has  been  overcome  by  the  use  of  a  “hot  walled” 
environment  developed  to  maintain  the  stoichiometry  of  the 


film.  Without  heating  the  shields  around  the  sample,  the 
temperature  of  the  substrates  would  be  in  radiative  equilibrium 
at  a  temperature  between  the  temperatures  of  the  stage  and 
chamber.  Finally,  the  mica  substrates  can  withstand  the 
temperatures  required  for  growth  of  high-quality  films. 

Results 

Single  layer  films: 

The  first  step  in  the  development  of  multilayer  films  is  to 
deposit  flat  high  electrical  quality,  single-layer  films  of  the 
component  materials.  (Bio^Sbo  7s)2Te3  was  used  for  the  QW. 
This  material  was  chosen  so  that  a  small  amount  of 
interdiffusion  from  the  barrier  material  (BicusSbo.vsMTeo.sSeo.s^ 
the  optimum  p-type  bulk  material  will  be  achieved  in  the  QW. 
The  primary  issue  arising  in  the  deposition  of  the 
(Bh-x  Sbx)2(Tei-ySey)3  system  is  maintaining  the  ratio  of 
(Bi+Sb):(Te+Se).  Slight  shifts  in  composition  change  the 
doping  and  thus  affect  the  electronic  properties.  In  vapor 
deposition  this  is  compounded  by  the  different  vapor  pressures 
of  the  elements.  Since  Te  has  the  highest  vapor  pressure,  it  is 
re-evaporated  from  the  growing  film  when  depositing  on  a  hot 
substrate[1I].  By  increasing  the  Te  concentration  in  the  QW 
sputtering  target  to  a  composition  of  (Bii.xSbx)2Te4,  an 
overpressure  of  Te  can  be  achieved.  This  Te  overpressure  is 
found  to  increase  the  ZT  achievable  in  the  quantum  well 
material  by  allowing  higher  temperature  deposition.  An  excess 
Te  barrier  target  has  not  yet  been  tried.  To  further  enhance  this 
overpressure  a  “hot  wall”  technique  has  been  developed.  The 
sputtering  gun  and  the  heated  substrate  table  are  surrounded  by 
a  heated  shield.  The  best  results  have  been  achieved  when  the 
shield  temperature  is  from  30  to  60°C  above  that  of  the 
substrates. 

An  extensive  series  of  samples  were  synthesized  in  order 
to  optimize  sputtering  conditions  both  in  terms  of  morphology 
and  electronic  properties.  The  effect  of  temperature  and 
deposition  parameters  on  film  morphology  can  be  seen  in 
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Figure  2.  X-ray  0-20  diffraction  scan  of  the  single  layer  film  shown  in  figure  lc  illustrating 
the  (003)  family  of  peaks  from  the  (Bi0  25Sbo.7s)2Te3  film.  All  the  other  peaks  are 
mica  substrate  peaks  showing  that  the  film  is  extremely  well  textured. 


Figure  3  X-ray  rocking  curve  taken  by 
scanning  0  with  the  detector  set  at 
the  20  condition  for  the  (0,0,15) 
peak.  FWHM  0.15°. 


figure  1.  The  SEM  micrograph  shown  in  figure  la  illustrates 
one  of  our  first  films  deposited  at  a  stage  temperature  of  300°C 
and  substrate  bias  of  -25  V.  This  deposition  was  without  an 
excess  Te  target  or  the  “hot  walled”  environment.  The 
resulting  rough  morphology  is  not  suitable  for  multilayer 
growth.  The  micrograph  shown  in  figure  lb  clearly 
demonstrates  the  improvement  caused  by  increased  deposition 
temperature  and  the  “hot  walled”  environment.  This  sample 
was  deposited  at  approximately  400°C  in  the  hot  walled 
environment  with  an  excess  Te  target.  The  bias  was  lowered 
to  -15  V  and  only  used  for  the  first  30  seconds  of  deposition. 
Figure  lc  illustrates  improved  film  morphology  achieved  by 
beginning  the  deposition  at  a  reduced  temperature.  This  film 
was  deposited  under  the  same  conditions  as  the  film  shown  in 
lb  except  the  deposition  was  started  at  350°C  and  raised  to 
380°C  during  deposition.  The  sputter  deposition  rate  was  also 
reduce  by  a  factor  of  four. 

Crystal  perfection  was  investigated  using  x-ray 
diffraction.  The  films  are  typically  highly  textured  with  the  c 
axis  along  the  growth  direction.  In  a  typical  x-ray  diffraction 
scan  only  the  (003)  family  of  peaks  can  be  seen  along  with  the 


Figure  4.  X-ray  diffraction  scan  of  a  multilayer  film.  The  peak  at 
45°  is  the  (0,0,15)  peak  from  the  film.  The  mica  substrate 
peak  goes  off  scale  to  the  right.  The  other  peaks  are  the 
multilayer  satellite  peaks  showing  that  the  film  is 
compositionally  modulated  with  a  period  ofl40A.  The 
dotted  line  is  to  aid  the  eye  showing  the  mica  substrate 
reflections  for  Cu  KB,  Krti  and  Kra2  from  left  to  right. 


mica  substrate  peaks  (figure  2).  X-ray  rocking  curves  confirm 
that  deviations  of  the  c  axis  from  the  growth  direction  are 
small  (figure  3). 

Despite  the  large  variation  in  the  individual  electronic 
properties  caused  by  variation  in  doping,  the  overall 
performance  of  the  films  measured  by  ZT  (assuming  a  thermal 
conductivity  of  bulk  material  of  the  same  resistivity  0.014 
W/cm2K)  was  not  nearly  as  variable.  Increasing  the  deposition 
temperature  up  to  about  380°C  was  found  to  improve  the  ZT 
of  the  films.  It  was  not  possible  to  control  Te  losses  and 
morphology  sufficiently  above  this  temperature.  Films  with 
ZT  >  0.5  at  room  temperature  can  consistently  be  grown,  with 
values  for  the  best  films  as  high  as  0.6.  Although  these  values 
are  below  the  value  of  ZT~1  for  optimized  bulk  material  this 
may  be  partly  a  result  of  the  assumed  thermal  conductivity. 
Phonon  scattering  at  the  grain  boundaries  in  the  films  may 
reduce  t)^e  thermal  conductivity  below  that  of  bulk  material, 
thus  helping  enhance  ZT. 

Multilayer  experiments: 

Compositionally  modulated  (Bii.xSbx)2(Tei.ySey)3 
structures  have  been  deposited.  Their  structure  was 
investigated  both  by  x-ray  diffraction  and  TEM.  The  x-ray 


Figure  5.  Bright  field  TEM  micrograph  of  the  140A  period 
multilayer  film.  Diffraction  contrast  with  a  Fresnel 
defocus  condition  clearly  shows  the  layering. 
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Seebeck 

resistivity 

ZT 

UV/K 

10'3£2cm 

Well 

Bio.5Sb1.5Te3 

118 

0.53 

0.56 

Barrier 

Bio.5Sb1.5Te1.5Se1. 5 

210 

5.30 

0.18 

Multilayer 

140 

1.40 

0.30 

Table  1  Measured  electrical  properties  of  single-layer  and 
multilayer  films  at  room  temperature.  The  dimensionless 
figure  of  merit  was  calculated  assuming  a  thermal 
conductivity  of  0.014  W/cm2K. 

diffraction  scan  of  a  140A  film  is  shown  in  figure  4.  The 
intense  satellite  peaks  on  either  side  of  the  (0,0,15)  peak  verify 
the  sample  is  a  multilayer,  and  allows  the  accurate 
determination  of  the  bilayer  repeat  length  from  the  satellite 
peak  separation.  These  satellite  peaks  and  the  main  peak  width 
prove  that  the  layers  grew  epitaxially  on  each  other.  Films 
with  bilayer  repeat  length  as  little  as  50A  have  been  deposited 
and  show  high-angle  x-ray  diffraction  satellite  peaks. 

TEM  allows  the  layered  structure  to  be  visualized,  and 
verifies  that  the  barrier  and  well  are  approximately  of  equal 
thickness  (figure  5).  Although  grain  boundaries  can  be  seen, 
selected  area  diffraction  suggests  that  most  of  the  crystallites 
have  about  the  same  orientation  in  plane  as  well  as  the 
extremely  strong  out  of  plane  orientation  also  observed  by  x- 
ray  diffraction.  This  in-plane  orientation  suggests  that  during 
the  nucleation  phase  of  film  growth  there  was  an  epitaxial 
relation  with  the  mica  substrate.  The  epitaxial  relation  between 
the  layers  is  evident  both  at  the  resolution  shown  here  and  in 
high  resolution  TEM  images  where  the  lattice  planes  can  be 
traced  across  the  interface. 

Single-layer  QW  and  barrier  films  were  deposited  and 
characterized  for  comparison  with  multilayer  results.  Figure  6 
shows  the  Seebeck  coefficient  for  these  films  as  a  function  of 
temperature.  The  barrier  material  was  found  to  have  a  relatively 
high  Seebeck  coefficient.  Although  the  barrier  material  has  a 
lower  ZT  than  the  well  material,  it  will  also  make  a  positive 
contribution  to  the  ZT  of  the  multilayer.  The  Seebeck 
coefficient  of  the  multilayer  is  also  shown  and  lies  between  that 


Temperature  °C 

Figure  6.  Absolute  Seebeck  coefficient  as  a  function  of 
temperature,  (o)  Single  layer  film  of  material  used  as  the 
quantum  well;  (+)  Single  layer  film  of  the  barrier 
material;  (x)  with  a  period  of  140 A. 


of  the  QW  and  barrier  materials. 

The  resistance  and  dimensions  were  measured  for  these 
three  samples.  The  value  of  the  resistivity  was  calculated  and 
is  given  in  table  1.  The  temperature  dependence  of  the 
resistivity  is  shown  in  figure  7.  The  resistivity  of  the 
multilayer  was  found  to  be  slightly  less  than  half  that  of  the 
QW  material.  Making  a  direct  comparison  here  is  difficult 
since  the  different  materials  could  have  had  different  doping 
levels.  A  more  informative  comparison  is  that  of  ZT  for  each  of 
the  films.  ZT  for  the  multilayer  is  found  to  be  approximately 
the  average  of  the  ZT  of  the  two  component  layers.  No 
evidence  of  an  increase  in  ZT  has  been  found  for  this 
combination  of  QW  and  barrier  if  one  assumes  that  the  thermal 
conductivity  of  the  multilayer  is  the  same  as  that  of  the 
components. 

Discussion 

Interdiffusion  of  the  layers  of  multilayer  samples  has  been 
found  to  be  an  important  experimental  problem  in  many  of  the 
proposed  thermoelectric  multilayer  systems.  We  have  explored 
Bi0.9Sbo  i/PbTeo.8Se02  and  Bio.9Sb0  i/Bi2Te3  films. [9]  In  both 
cases  it  was  found  that  small  amounts  of  interdiffusion  of 
electrically  active  species  can  drastically  change  dopant 
concentration  and  adversely  affect  thermoelectric  properties 
such  as  the  Seebeck  coefficient.  Here  we  have  demonstrated 
that  in  the  compositionally-modulated  (Bii-xSbx)2(Tei-ySey)3 
system  interdiffusion  does  not  degrade  the  Seebeck  coefficient 
of  the  films.  With  the  experimental  demonstration  that 
thermoelectric  properties  of  material  can  be  enhanced  by 
quantum  confinement/31  the  next  step  is  showing  an 
enhancement  of  performance  in  a  system  where  the  degradation 
caused  by  the  barrier  material  does  not  outweigh  the  benefits 
achieved  by  quantum  confinement  of  the  charge  carriers.  The 
(Bii.xSbx)2(Tei-ySey)3  system  shows  great  promise  as  such  a 
system. 

The  thermal  conductivity  in  the  barrier  layer  dictates  that 
the  barrier  width  must  be  kept  as  thin  as  possible  so  that 
losses  in  the  barrier  layer  do  not  exceed  gains  made  by 
quantum  confinement.  To  achieve  confinement  with  the 


Figure  7.  Resistivity  as  a  function  of  temperature,  (o)  Single  layer 
film  of  material  used  as  the  quantum  well;  (+)  Single 
layer  film  of  the  barrier  material;  (x)  Multilayer  with  a 
period  of  140A. 
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thinnest  possible  barrier  layer,  a  composition  must  be  selected 
with  the  greatest  possible  barrier  height.  The  failure  to  achieve 
enhanced  thermoelectric  properties  in  the  measured  film  is 
probably  due  to  insufficient  barrier  height.  Similar 
observations  were  made  during  our  investigation  on  the 
Bi/Bio.seSbo  M  multilayer  system. [10]  Although  high-quality 
layered  structures  were  produced,  the  small  bandgap  of  the 
Bio.seSbo.M  was  not  sufficient  to  confine  the  charge  carriers  in 
the  Bi  layer  and  no  improvement  in  the  thermoelectric 
properties  was  observed.  Dopant  and  impurity  states  in  the 
bandgap  of  the  barrier  material  may  also  be  degrading  the 
structure.  Efforts  to  optimize  the  barrier  material,  both  by 
changing  composition  and  by  reducing  states  in  the  bandgap 
are  continuing.  Confinement  with  a  small  barrier  height  could 
also  be  achieved  by  making  wider  barrier  layers.  Characterizing 
the  mobility  of  the  charge  carriers  as  a  function  of  barrier  width 
should  help  us  explore  these  questions. 

The  bandgap  of  these  materials  must  be  studied  as  a 
function  of  composition  over  the  entire  phase  field  in  order  for 
the  optimal  barrier  material  to  be  determined.  Sputter 
deposition  combined  with  IR  spectroscopy  will  be  a  powerful 
technique  for  exploring  the  effect  of  stoichiometry  on  the 
bandgap. 

Along  with  the  potential  of  using  the  multilayer  structure 
to  alter  the  electronic  properties  of  the  film,  layering  may  also 
effect  the  thermal  conductivity  of  the  films.  In  this  work  we 
have  assumed  the  thermal  conductivity  of  the  films  to  be  that 
of  bulk  (Bi0.25Sbo.75)2(Te0.95Seo.o5)3  with  the  same  resistivity.  It 
is  quite  possible  that  the  multilayer  structure  will  decrease  the 
thermal  conductivity  of  the  films  by  scattering  phonons.  This 
effect  would  increase  the  ZT  of  the  thermoelectric  films.  If  this 
effect  is  large,  it  is  possible  that  multilayer  films  are  already 
superior  to  bulk  thermoelectric  materials.  Techniques  for 
accurately  measuring  the  in-plane  thermal  conductivity  of  these 
thin  films  are  currently  being  explored. 

Conclusions 

We  have  shown  that  sputtering  can  be  used  to  deposit 
high  quality  (Bii_xSbx)2(Tei_ySey)3  material.  We  have  found  that 
the  hot  walled  environment  and  excess  Te  target  material  both 
are  important  for  the  synthesis  of  high  quality  films.  The 
deposition  temperature  was  critical.  Deposition  must  start  at  a 
relatively  low  temperature  to  achieve  wetting  of  the  mica 
substrate,  and  then  increase  to  provide  the  highest  quality  film 
growth. 

We  have  shown  that  (Bii_xSbx)2(Tei.ySey)3  multilayers  are 
stable  enough  that  deposition  temperatures  of  380°C  can  be 
used  so  that  high  quality  material  can  be  deposited.  ZT  of  the 
multilayer  structure  shown  here  with  a  period  of  140A  and 
approximately  equal  layer  thickness  is  found  to  be  an  average 
of  the  value  for  the  component  materials. 

Sputtering  has  been  shown  to  be  a  powerful  technique  fa- 
depositing  thermoelectric  materials.  Not  only  have  we  shown 
it  to  be  a  valuable  laboratory  research  tool,  but  the  ability  to 
scale  the  process  up  for  production  makes  it  particularly 
attractive.  Large-area,  high-rate  sputter  deposition  already  plays 


an  important  role  in  industry.  Once  it  has  been  demonstrated 
that  attractive  thermoelectric  materials  can  be  produced  by 
sputtering  in  the  laboratory,  the  technology,  equipment  and 
trained  manpower  already  exist  to  make  the  transition  to 
industry. 
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Abstract 

The  electrical  conductivity  o ,  the  Seebeck  coefficient  a,  the 
thermal  conductivity  /rand  the  figure  of  merit  ZT  ( Z=aa2/K ) 
were  calculated  theoretically  for  multilayered  thin  film  with 
quantum  wells  (QWs)  made  of  Si,  Si7QGe30  and  silicide 
thermoelectric  materials.  Two-dimensional  transport  model  for 
single  band  semiconductor  was  applied  to  these  materials.  As 
results  of  the  calculation  it  is  found  that  carrier  confinement  by 
QWs  mainly  have  effects  on  increasing  the  carrier  energy  and 
on  shifting  optimizing  point  of  power  factor  cr  a2.  The 
calculated  figure  of  merit  for  modulated  doping  Si7QGe30  QWs 
was  the  same  as  that  of  bulk  material  at  300K.  Modulated 
doping  silicide  QWs  had  larger  figure  of  merit  than  that  of 

Si70Ge30  QWS- 

Introduction 

The  thermoelectric  figure  of  merit  Z  is  a  measure  of  the 
quality  of  thermoelectric  material  and  is  defined  as 

a  a 2 

Z - —  (1) 

where  o  is  the  electrical  conductivity,  a  is  the  Seebeck 
coefficient,  k  is  the  thermal  conductivity.  A  good 
thermoelectric  material  should  have  a  large  Seebeck 
coefficient,  a  large  electrical  conductivity  and  a  small  thermal 
conductivity.  Z  has  a  unit  of  inversed  temperature. 

Thermoelectric  materials  convert  thermal  energy  into 
electrical  energy  at  the  efficiency  of 


where  TH  and  TL  are  the  temperatures  of  hot  side  and  cold  side 
junction  of  thermoelectric  materials.  Thus  Z  contributes  to  the 
efficiency  in  the  form  of  ZT  ,  where  T  is  the  absolute 


temperature.  ZT  is  called  the  dimensionless  figure  of  merit.  The 
key  to  success  in  thermoelectric  applications  is  to  find  out 
materials  with  high  ZT  values.  The  formula  of  ZT  is  as  follows. 

ZT  =  (3) 

K 

A  conventional  approach  to  enhancing  ZT  is  introducing 
defects  into  the  material.  Formation  of  solid  solution  of  same- 
type  semiconductor^,  formation  of  fine  grain(2),  introducing 
micro-inclusions^  into  the  material  and  so  on  are  effective  to 
scatter  phonon.  Thus  the  lattice  thermal  conductivity  k  is 
reduced.  Since  charge  carriers  are  not  affected  very  much  by  the 
defects,  this  approach  enhances  the  ratio  o/k  in  equation  (3) 

Another  approach  to  enhancing  ZT  is  to  increase  the 
power  factor  era2.  Because  the  values  of  electrical  conductivity 
a  and  Seebeck  coefficient  a  are  determined  by  the  charge- 
carrier  energy  spectrum,  there  is  a  great  possibility  to  optimize 
aa2  by  changing  the  spectrum.  It  can  be  achieved  by  nano- 
structural  materials  and  materials  having  different  scattering 
mechanism  of  charge  carrier.  Several  theoretical  estimations  to 
verify  these  strategies  have  been  made,  such  as  an  effect  of 
increased  carrier  density(4),  an  effect  of  energy  filtering(5*6)  by 
using  a  superlattice  structure  and  an  effect  of  a  quantum- well 
(QW)  structure  as  shown  in  Fig.  1.  Electrical  carriers  which 
energy  levels  are  lower  than  the  barrier  height  will  be  confined 
in  the  QW  and  move  in  the  direction  of  parallel  to  the  interface 
of  the  layers  as  two-dimensional  carrier  gas.  A  QW  and  two- 
dimensional  carrier  gas  can  also  be  realized  by  modulated 
doping.  As  shown  in  Fig.l  (b),  distorted  energy  band  with 
alternate  doping  can  confine  the  carriers. 

In  this  paper  we  consider  three  types  of  QWs.  Type  I  is  made  of 
Si?0Ge30  QWs  and  barrier  layers  such  as  silicon  and  3H-SiC 
which  have  wider  bandgap  than  Si?0Ge30.  Type  II  is  made  of 
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A  B 

doped 
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Fig.  1  A  band  profile  Quantum  Well  :  TYPE  I  :  A/B 
heteroepitaxitial  SLS  (a).  TYPE  II  :  Modulated  Doping  SLS 
(SiGe,  b)  ,  TYPE  III :  Modulated  Doping  SLS  (Silisides,  b) 


Si?0Ge30  QWs  and  Si?0Ge30  barrier  layers  by  using  modulated 
doping.  In  type  III  QWs  are  made  of  metal  silicides,  Ru2Si3, 
Mg2(Si,Ge),  CrSi2  and  Fe2Si  which  are  reported  as  good 
thermoelectric  materials  The  barriers  for  them  are  made  of 
the  same  materials  and  modulated  doping  is  assumed.  The 
purpose  of  this  study  is  to  evaluate  the  thermoelectric 
properties  of  the  three  types  of  QW  structured  films  by  using 
the  following  calculation  model. 

Calculation  Model 

In  the  calculations  for  the  transport  properties,  we 
employed  a  single  band  model  summerized  in  the  paper  by 
Hicks  and  Dresselhaus(4).  For  an  intrinsic  semiconductor  we 
should  take  into  account  the  contributions  from  valence  band 
and  from  conduction  band  because  there  are  the  same  number 
of  charge  carriers  in  two  bands.  Since  the  semiconductor 
considered  here  is  heavily  doped  one,  the  assumption  of  single 
band  is  consistent  in  the  extrinsic  region. 


Bulk  material 


The  equations  used  in  the  calculation  of  oy  a  and  k  are 
basically  derived  from  semiclassical  theory  of  conductions  in 
solid(8).  Assuming  the  parabolic  band,  the  dispersion  relation  of 
charge  carrier  is  expressed  as  follows. 


E(kx  ky  kz,)  = 


2  2  2  2 

h  kv  h  kz 
•+— ^  +  — ^ 


where  m ^  my,  and  mz  are  density  of  state  effective  mass 
component  of  the  carrier.  For  electrical  and  thermal 
conductions  along  x  direction,  we  obtain 


°  =  (mxmymz)1//Fi/2efXx  ^ 

2n\  Ti  / 


a  =  _W5F3/2_£ 

M3F1/2 


_  xh2  ( 2k bT  \  (mymz\1/2 

6ji  \  T)2  /  V  mx  I 


x4F5/2-2if 


where  F.  is  fermi  integral  expressed  as 


x1  dx 

exp(x  -  £*) 


g=QkBT,  r,  ^  are  the  reduced  chemical  potential,  relaxation 
time  and  mobility  of  charge  carrier.  Thermal  conductivity  k  is 
expressed  as  summation  of  Ke  and  ir  which  are  the  electronic 
and  lattice  thermal  conductivity.  Substituting  these  components 
into  Eq.(3),  we  obtain  the  figure  of  merit  for  bulk  materials. 


2D  material 

For  multilayered  thin  film  shown  in  Fig.l,  we  assume 
perfect  confinement  of  charge  carriers.  This  is  the  case  for 
QWs  with  wide  bandgap  barrier  materials.  We  also  assumed 
that  there  is  not  any  carrier  tunneling  through  the  barrier  layers, 
i.e.  there  is  not  any  broadening  of  subband  produced  in  QW. 

In  the  case  that  the  interfaces  of  multilayers  are  parallel 
to  the  x-y  plane  and  charge  carriers  are  confined  in  z  direction, 
we  obtain  the  dispersion  relation  of  charge  carriers  as 


„  ,  ,  x  ll2kx  H2ky  r.2  j  \2 

•’  y’  7  2mx  2my  2m zVa/ 


The  results  of  the  derivation  are  shown  below 


■j(mxmy)1/2FoeM,x 


<*2D  =  - 


kB  2Fi 
F0 


_^/21cbT\W/2  / 

T 


4Fi  (12) 
“  Fo 
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where  the  fermi  integral  F.  is  defined  by  Eq.(8)  and  the  reduced 
chemical  potential  £*2D  of  2D  material  is  expressed  as 
following. 


X>2D  = 


K, 

kBT 


-2  2 

Ti  Jt 

2ma2kBT 


(13) 


Thermal  conductivity  of  multilayered  film  is  described  as  a 
linear  combination  of  those  of  materials  forming  QWs  and 
barrier  layers.  Neglecting  transversal  heat  flow  across  the 
interfaces  and  the  electronic  thermal  conduction  in  the  barrier 
layers,  the  thermal  conductivity  of  whole  film  is  expressed 
as  follows. 


K2D  = 


3  Kwell  +  b  K barrier 
a  +  b 


(14) 


We  assumed  that  lattice  thermal  conductivities  of  QWs  and 
barrier  layers  are  constant,  respectively.  From  Eqs.(3), 
(10), (11)  and  (14),  we  obtain  Z^T  for  QW  films. 

Physical  constants 

The  effective  mass,  the  mobility  and  the  lattice  thermal 
conductivity  are  important  factors  in  order  to  calculate  transport 
properties.  There  are  many  experimental  data  regarding  Si,Ge, 
and  SiGe  alloy,  however,  other  silicide  materials  have  not  been 
investigated  in  detail.  There  are  some  different  values  on 
effective  mass  of  SiGe  alloys  as  discussed  by  Slack  et.  al  We 
used  1.0 mQ  for  those  of  hole  and  electron  since  the  calculation 
for  bulk  materials  using  these  values  showed  a  good  agreement 
with  experimental  data.  Other  constants  such  as  the  mobility 
and  the  lattice  thermal  conductivity  were  employed  from 
references  Physical  constants  used  in  this  calculation  are 
shown  in  Table  1. 


Table  1  Physical  constants 


me* 

mh* 

Me 

Eg 

unit 

®o 

cmVVs 

W/mK 

eV 

Si 

1.06 

0.69 

88.6 

51.3 

148 

1.1 

Si70Ge30 

1.0 

1.0 

71.3 

47.7 

4.4 

0.7 

Mg2(Si,Ge)  1.2 

2.3 

108 

22 

2.1 

0.8 

Ru^Si, 

2.9 

2.9 

10 

29 

4.0 

0.9 

FeSi2 

1.0 

4.0 

2 

4 

4.0 

0.9 

CrSi2 

20.2 

5.0 

0.15 

15 

6.8 

0.35 

Results  and  Discussions 

Calculations  for  ZT  were  made  based  on  the  model  and 
the  constants  shown  in  Table  1.  Figure  of  merit  ZT  obtained 
by  Eqs.(3)  and  (10)-(14)  has  a  maximum  value  when  the 


Fig.2  Seebeck  coefficients  of  Si?0Ge30/Si  QWs  as 
functions  of  the  carrier  density.  The  barrier  width  is  15A. 


Fig.3  Electrical  conductivities  of  Si?0Ge30/Si  QWs  as 
functions  of  the  carrier  density.  The  barrier  width  is  15A. 


Fi&4  Thermal  conductivities  of  Si7QGe30/Si  QWs  as 
functions  of  the  carrier  density.  The  barrier  width  is  15A. 


reduced  chemical  potential  is  changed,  values  giving 
maxima  of  ZmT  are  ranged  between  -2  and  3.  The  optimum 
carrier  density  is  on  the  order  of  1026  to  1027  m~3.  In  Fig.  2,3,4 
and  5,  aw  Km  and  ZmT  of  Si70Ge3C/Si  (type  I  )QWs  are 
shown  as  a  function  of  the  carrier  density  and  QW  width.  The 
barrier  width  is  assumed  constant  of  15A.  As  shown  in  the 
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Carrier  density  n  l  m3 


Fig.5  Figure  of  merit  of  Si?0Ge30/Si  QWs  (type  I)  as 
functions  of  the  carrier  density. 


Fig.  6  Figure  of  merit  of  Si70Ge30/Si70Ge30  modulated 
doping  QWs  (type  II) 


Fig.7  Figure  of  merit  of  silicide  QWs  (type  III)  as 
functions  of  the  carrier  density. 


variations  of  Seebeck  coefficient,  reduction  of  the  well  width 
enhances  a ^  Since  am  is  determined  by  the  mean  carrier 
energy  relative  to  the  chemical  potential,  this  enhancement  is 
caused  by  the  increased  energy  of  carriers  at  subbands  inside 
the  well. 

The  electrical  conductivity  and  the  thermal  conductivity 
in  Fig.  3,4  show  that  an  introduction  of  the  barrier  layer 
decreases  the  electrical  conduction  and  increases  the  thermal 


conduction  since  k  of  the  barrier  layer  is  much  higher  than  that 
of  the  well  layer  in  type  I  QW.  It  is  because  the  ZmT  of  type  I 
QWs  is  much  lower  than  that  of  bulk  material  (Fig.5). 

Fig. 6  is  plots  of  Z^T  of  type  II  QWs  as  functions  of  the  carrier 
density.  In  this  case  the  thermal  conductivity  of  barrier  layer  is 
the  same  as  that  of  the  well  layer.  Moderate  enhancement  of 
figure  of  merit  can  be  expected. 

Fig.7  is  plots  of  Z^Toi  type  III  QWs  as  functions  of  the  carrier 
density.  Metal  silicide  QWs  show  high  figure  of  merit  value  at 
well  width  a=5 A.  These  high  Z^T are  quite  fascinating  because 
the  type  III  QWs  seem  to  be  materialized  by  careful  choice  of 
processing  technique.  Several  transition  metal  silicides  such  as 
NiSi2  and  CoSi2  are  currently  used  as  contacting  materials  to 
silicon  devices. 

The  high  thermal  conductivity  shown  in  Fig.4  may  be 
overestimated  because  there  are  experimental  data(11)  which 
clarified  that  the  value  of  k  decreases  to  that  of  alloys  of  two 
materials  in  the  case  of  thin  QW  and  barrier  layers.  Accordingly 
the  *:  value  could  be  a  order  of  magnitude  lower  than  the  figure. 
Simple  question  is  how  the  high  carrier  density  n  could  be 
achieved.  The  maximum  value  of  ZmT  will  be  achieved  only  at 
n  >  1026  m“3.  We  should  be  careful  that  the  maximum  solubility 
of  n-type  dopant  (As,  P)  for  silicon  is  about  1027  m~3  (12) . 

Conclusion 

We  estimated  the  figure  of  merit  value  of  QW  structured 
thin  films  by  means  of  a  set  of  calculations  based  on  single  band 
mode.  Results  showed  that  the  material  for  the  barrier  layer  are 
the  key  to  success,  and  the  Si70Ge30/Si70Ge3Qmodulated  doping 
QWs  had  higher  Z^T  values  than  those  of  Si?0Ge30/Si  QWs 
because  of  their  low  thermal  conductivity.  It  was  also  clarified 
that  QWs  made  of  metal  silicides  are  interesting  because  of 
their  high  ZmT  values. 
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Thermoelectric  Performance  of  B4C/B9C  Heterostructures 

S.  Ghamaty*,  N.  Eisner*, 

K.  Wang+  and  Qi  Xiang+ 

*Hi~Z  Technology ,  +  University  of  California,  Los  Angeles 


Abstract 

The  electronic  properties  of  bulk  materials  are  altered  when 
they  are  incorporated  into  quantum  wells.  Two-dimensional 
quantum  wells  have  been  synthesized  by  alternating  layers  of 
B4C  and  B9C.  Such  nanostructures  are  being  investigated  as 
candidate  thermoelectric  materials  for  high  figures  of  merit  (Z) 
at  high  temperature.  The  predicted  enhancement  is  attributed 
to  the  confined  motion  of  charge  carriers  in  the  two  dimensions 
and  separating  them  from  the  ion  donors.  This  combination  of 
materials  is  of  interest  since  BXC  alloys  are  the  preferred 
thermoelectric  materials  for  high  temperature  applications 
because  they  should  exhibit  little  diffusion. 

Molecular  beam  epitaxy  (MBE)  technique  has  been  used  to 
prepare  these  multilayer  films.  Films  have  been  deposited  on 
single-crystal  silicon  substrates.  The  films  have  been 
characterized  with  X-ray  Photoelectron  Spectroscopy  (XPS) 
and  Auger  spectroscopy.  The  thermoelectric  properties  of  these 
films  have  also  been  determined  over  a  broad  range  of 
temperatures  from  4.2  K  to  1200  K.  When  these  same  films 
were  annealed  at  1,050  °C  for  25  hours,  their  a2/p  values 
increased  dramatically  .  The  a2/p  values  for  these  P  type  films 
were  more  than  a  factor  of  10  to  30  times  higher  than  bulk  P 
type  SiGe.  Attempts  to  measure  thermal  conductivity  are  being 
pursued.  The  performance  of  the  MBE  films  have  been 
systematically  compared  with  bulk  materials.  Preliminary 
thermoelectric  measurements  of  the  multilayer  structures,  lead 
us  to  believe  that  significant  gains  in  the  thermoelectric  figure 
of  merit  (Z)  may  be  possible  with  this  approach. 

Background 

Thermoelectric  materials  are  utilized  for  power  generation  in 
remote  locations,  on  spacecraft  used  for  interplanetary 
exploration,  and  in  places  where  waste  heat  can  be  recovered. 
Broader  usage  is  limited  by  the  efficiency  of  present  systems 
and  the  power-specific  cost  ($/W)  of  power  generation. 
Materials  with  a  ZT*6  can  lead  to  a  factor  of  2  to  3 
improvement  in  thermodynamic  efficiency.  Recall  that  the 
thermodynamic  efficiency,  r\,  of  a  thermoelectric  power 
generator  is 


T] 


M  -  1 
M  +  TIT 

c  h 


where  M  is  defined  as 


M  = 


N 


r„> 


and  Th  is  the  absolute  temperature  at  the  hot  junction  and  Tc  is 
the  absolute  temperature  at  the  cold  junction.  To  achieve  a  high 
efficiency  with_a  power  generator,  the  overall  figure  of  merit  for 
the  device,  Z,  must  be  high.  The  figures  of  merit  of  the 
thermoelectric  materials  used  to  construct  the  device  must  also 
be  high.  For  a  specific  material,  Z  is  defined  as: 


where  o  is  the  electrical  conductivity,  a  is  the  Seebeck 
coefficient,  xph  is  the  phonon  contribution  to  the  thermal 
conductivity,  and  xel  is  the  electronic  contribution  to  the  thermal 
conductivity.  Note  that  xph  is  also  known  as  kl,  the  lattice 
thermal  conductivity.  Much  of  the  effort  to  improve  Z  over  the 
past  20-30  years  has  focused  on  attempts  to  reduce  k;  without 
adversely  affecting  the  electrical  conductivity.  Some  success 
has  been  achieved  with  solid-solution  alloying.  Further 
reductions  in  k7  have  been  achieved  by  reducing  the  grain  size 
of  silicon-germanium  alloys,  however,  this  approach  is  still  in 
its  infancy  and  the  potential  benefit  is  believed  to  be  relatively 
small. 

Multilayer  films  of  B4C  and  B9C  are  being  investigated  as  a 
means  of  achieving  a  high  Z.  Models  based  upon  quantum 
mechanics  predict  that  such  structures  should  have  an  unusually 
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high  Z  [1-5].  The  quantum-well  (QW)  layer  is  sandwiched 
between  two  barrier  layers.  Typically,  the  QW  material  has  a 
very  narrow  band  gap  and  the  barrier  material  has  a  relatively 
large  band  gap.  Molecular  beam  epitaxy  (MBE)  has  been 
employed  to  fabricate  the  samples,  since  it  provides  the  best 
conditions  for  epitaxial  growth. 

For  power  applications,  the  concern  is  that  the  above  materials 
will  inter-diffuse  at  some  elevated  temperature  and  lose  their 
two-dimension  structure  and  associated  quantum  well 
properties.  For  power  generation  applications,  B-C  alloys 
appeared  to  be  the  best  initial  selection  for  the  following 
reasons: 

•  B-C  have  very  low  diffusion  coefficients  in  one 
another. 

•  B-C  alloys  do  not  have  to  be  deposited  in  an  exact 
stoichiometry  to  be  useful  thermoelectric  materials. 

•  The  B  composition  can  easily  vary  from  4  to  13  (B9C 
to  Bl3C)  with  no  major  thermoelectric  property  effects. 
With  other  thermoelectric  materials  such  as  PbTe  and 
Bi2Te3  the  stoichiometry  must  be  controlled  exactly  or 
the  thermoelectric  properties  can  be  severely 
degraded. 


•  Since  stoichiometry  is  not  critical,  the  MBE  process 
can  be  conducted  with  less  critical  controls. 

•  By  using  B9C  alloys,  it  is  possible  to  use  B4C  as  the 
wide  band  gap  layer  material  thereby  allowing  similar 
crystallographic  materials  to  be  deposited  in  an 
epitaxial  manner. 

Experimental 

Molecular  Beam  Epitaxy  (MBE) 

The  B-C  multiple  quantum  wells  were  grown  on  76  mm  (100) 
Si  wafers  using  molecular  beam  epitaxy  (MBE)  at  UCLA.  The 
B  and  C  molecular  beams  were  obtained  from  elemental 
sources  in  electron  gun  evaporators.  Prior  to  growth  the 
substrates  were  cleaned  by  a  modified  Shiraki  process  [7]  which 
resulted  in  a  H-terminated  surface.  Immediately  preceding 
growth  the  hydrogen  was  removed  by  heating  the  sample  to 
650°C.  The  epitaxial  growth  was  done  with  the  substrate  at 
710°C.  Each  of  the  samples  were  grown  on  p-type  10-20  ohm- 
cm  substrates.  For  the  samples  a  500  A  B4C  buffer  layer  was 
grown  prior  to  the  multiple  quantum  well  growth.  Each 
structure  is  composed  of  five  B9C  quantum  wells  separated  by 
100  A  of  B4C. 


Table  1.  Thermoelectric  Properties  of  B4C/B9C  Quantum  Wells. 

•  The  trend  of  measured  p  values  of  B-C  films  agrees  qualitatively  with  theory.  Values  may  be  lower  than  comparable  bulk  p. 

•  The  a  values  for  the  B-C  films  are  calculated  from  using  an  equation  based  upon  linear  network  theory  which  is  discussed 

in  the  text.  These  corrected  values  may  indicate  a  significant  enhancement  of  a  of  the  B-C  films.  It  is  important  to  note  that  these  large  Seebeck 
coefficients  are  not  predicted  by  the  theory. 


Room  Temperature  Properties 

High  Temperature  Properties 

Sample 

b4c/b9c 

PFita<!> 

(mfl-cm) 

T«30°C 

— ® 
OiWC) 
Tr=30‘C 

OiV/°C) 

T  b30°C 

(pW/cm-MC) 
T  s30"C 

Z(5) 

(1/“C) 

T*30°C 

pFltai<2> 

(mQ-cm) 

T*1000'C 

(nV/'C) 

T=1000“C 

Z(5> 

(1/°C) 

T«1000°C 

Device  Efficiency'61 
(%) 

T1„m=300"C,  Th,„«1000”C 

UCLA#1  as  fab.'7' 
MBE 

51 

1550 

1600 

47 

0.94x10’ 

50 

T.B.M. 

— 

— 

UCLA#1  annealed 
at  1050°C  for  lday 

0.49 

510 

1000 

531 

10.6x10’ 

0.12 

567 

38.2xl0-3 

29 

UCLA#2  as  fab.17* 
MBE  on  SOS<8> 

9000 

850 

900 

0.08 

0.002x10’ 

T.B.M. 

T.B.M. 

— 

— 

UCLA#2  annealed 
at  1050°C  for  lday 

0.43 

250 

275 

145 

2.9x10’ 

T.B.M. 

T.B.M. 

— 

— 

Bulk  B9C 

P-Type 

27 

240 

N.A. 

2.1 

0.04x10 3 

3.6 

218 

0.19X10’3 

5.4 

Bulk  SiGe 
P-Type(,) 

1 

130 

N.A. 

17 

0.26xlO3 

B 

276 

0.62x10-’ 

6.5 

(1)  INSD  pages  IV-36  and  IV-38. 

(2)  P Film  »s  the  value  that  includes  the  B4C  and  the  B9C  layers. 

(3)  “comh  is  the  Seebeck  coefficient  measured  on  the  ML-QWF  and  the  substrate. 

(4)  a  is  the  Seebeck  coefficient  for  the  ML-QWF  and  is  calculated  by  subtracting  out  the  value  of  the  substrate. 

(5)  Z  is  calculated  using  the  same  k  value  as  the  B4C  bulk  material. 

(6)  With  bulk  n-type  Si  8Ge  2  as  the  n-leg. 

(7)  Total  film  thickness  is  *1000A  and  each  layer  is  «100A  thick. 

(8)  SOS  substrate  is  about  .5p  of  Si  On  Sapphire. 
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Characterization 

There  are  two  classes  of  characterization  of  ML-QWFs  which 
are  being  pursued  at  Hi-Z:  1  thermoelectric  properties  and 
2)material  properties.  Thermoelectric  properties  include 
measurement  of  resistivity  (p),  Seebeck  coefficient  (a)  and 
their  respective  temperature  dependence.  The  material 
properties  are  divided  into  three  categories:  a)Morphology 
(SEM  and/or  TEM  and  thickness),  b)  Elemental  /chemical 
composition  (Auger  and  x-ray)  and  c)  Crystallographic 
structure  and  defects  (TEM  and  Auger).  Results  obtained  with 
these  various  diagnostic  methods 

on  the  B-C  ML-QWFs  are  discussed  below.  The  a  and  p  data 
previously  obtained  on  these  samples  are  given  in  Table  1  and 
in  Figs.  1  through  4. 


Fig.  1.  High  Temperature  Resistivity  of  B4C/B9C  Films  vs.  Bulk  B9C. 


the  distance  between  the  two  voltage  probes  (ASTM  F-43). 
The  Allesi  instrument,  which  uses  pressure  contacts,  was  used 
as  the  voltage  probes  in  this  case. 

The  high  temperature  a  and  p  of  the  MBE  films  were 
measured  in  a  system  at  Hi-Z  and  the  results  are  shown  in 
Figs.  l&2.The  electrical  resistivities  of  the  samples  were 
measured  as  a  function  of  temperature  from  300K  to  1200K 
using  a  Linear  Research  LR400  4-wire  bridge  operating  at 
16Hz.  Electrical  contact  to  the  films  was  made  by  wrapping 
nickel  wire  around  the  sample,  and  bonding  the  wires  to  the 
surface  with  silver  paint.  The  thermocouple  leads  were  held  to 
the  surface  of  the  sample  with  the  nickel  wires,  and  bonded  in 
place  with  the  silver  paint.  Currents  for  the  measurements 
were  in  the  range  of  1  to  100  mA. 


Fig.2.  High  Temperature  Seebeck  Coefficient  of  MBE  and 
Annealed  B4C/B9C  Films  and  bulk  B9C. 


Fig.  3.  High  Temperature  Figure  of  Merit  of  MBE  and  annealed  B4C/B9C 
films,  bulk  p-SiGe  bulk  p-B9C,  and  bulk  p-BiTe  alloy.  For  calculating  the  Z 
of  bulk  B9C  was  used. 


Fig.  4.  Theoretical  Efficiency  of  the  MBE  and  Annealed  B4C/B9C  film, 
bulk  B9C,  Bi2Te3  and  p-SiGe.  Bulk  thermal  k  was  assumed  for  the 
B4C/B9C  films. 


«  and  p  Measurements 

Room  temperature  resistivities  were  measured  on  samples 
using  the  following  method:  the  current  was  introduced  at  the 
ends  of  a  long,  rectangular  cut  sample  and  the  voltage  probes 
were  near  the  center  of  the  test  specimen.  The  resistance  was 
obtained  from  the  voltage  drop,  and  the  resistivity  was 
calculated  by  knowing  the  cross-sectional  area  of  the  bar  and 


X-rav  Analysis  and  Auger  Emission  Spectroscopy 

Hi-Z  is  analyzing  the  B4C/B9C  films  by  X-ray  Photoelectron 
Spectroscopy  (XPS)  and  Auger  Emission  Spectroscopy 
(AES),  and  the  data  generated  has  been  very  valuable  in 
understanding  why  the  films  undergo  a  very  large 
improvement  in  a2/p  when  they  are  annealed.  A  summary  of 
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the  results  are  shown  in  Table  1 . 

It  will  be  recalled  that  these  multi  layer  films  were  deposited 
at  ~500°C.  In  the  as  deposited  condition  the  films  had  poor 
a2/p  properties  that  were  of  little  thermoelectric  value.  When 
these  films  were  annealed  however  their  a2/p  values  improved 
dramatically  as  shown  in  Figs.  1-4  and  Table  1. 

B-C  films  deposited  on  Si  substrates  show  that  the  films  have 
the  following  characteristics: 

a)  For  the  films,  each  period  has  the  composition  B4C/B9C 
after  annealing  at  1050°C  for  24hrs.  The  as  fabricated  film  has 
an  extra  phase  of  B  (about  20%)  that  disappeared  when  the 
film  was  annealed  as  shown  in  Figs.  5A-C. 

b)  The  annealed  film  appears  single  crystal  and  epitaxial,  while 
the  as  fabricated  film  is  polycrystalline. 
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Fig.  5  A.  Auger  Emission  Spectroscopy  (AES)  of  MBE  as  fabricated 
B4C/B9C  film.  The  AES  of  the  B4C  layer  is  shown.The  noise  is  an 
indication  of  the  multi  phase  structure  in  the  film.  Hie  Carbon  peak  is  about 
20%  lower  than  the  Boron  which  means  the  second  phase  has  to  be  Boron. 
The  number  in  the  boxes  indicates  the  proportion  of  the  elements. 


Auger  Emission  Spectroscopy 
B4C  layer  UCLA#1  As  Fabricated  MBE 
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Fig.  5B.  Auger  Emission  Spectroscopy  (AES)  of  MBE  and  annealed 
B4C/B9C  film.  The  AES  of  the  B4C  layer  is  shown.The  low  noise  is  an 
indication  of  the  crystalline  structure  in  the  film.  The  number  in  the  boxes 
indicates  the  proportion  of  the  elements. 


Auger  Emission  Spectroscopy 
B4C  layer  UCLA#1  Annealed  1050°C  24h 
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By  using  AES  and  XPS  it  appears  possible  to  relate  the  films 
structure  and  morphology  to  their  thermoelectric  properties. 
As  expected,  these  analyses  confirmed  that  the  more 
crystalline  the  films  are,  the  higher  will  be  their  a2/p  values. 
Hi-Z  is  planing  to  do  XPS  and  AES  on  many  samples  as  a 
diagnostic  tool  to  further  correlate  the  films  thermoelectric 


properties  and  microstructure.  TEM  or  other  technique  along 
with  AES  and  XPS  should  be  preform  to  confirm  the  results. 
Hi-Z  has  measured  several  types  of  ML-QWFs  that  were 
fabricated  by  MBE.  Table  1  lists  the  a  and  p  measured  on 
these  B4C/B9C  multilayers  near  room  temperature, 
interpretation  of  the  measurement  techniques  and  how  they 
may  relate  to  the  substrate  are  discussed  below.  The  data 
obtained  thus  far  is  very  encouraging  since  several  of  the  ML- 
QWFs  appear  to  have  very  high  a2/p  values. 
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Fig.  5 C.  Auger  Emission  Spectroscopy  (AES)  of  as  fabricated  MBE 
B4C/B9C  film.  The  AES  of  the  B9C  layer  is  shown.The  noise  is  an 
indication  of  the  multi  phase  structure  in  the  film.  The  Carbon  peak  is 
about  20%  lower  than  the  Boron  which  means  the  second  phase  has  to  be 
Boron.  The  number  in  the  boxes  indicates  the  proportion  of  the  elements. 
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Fig.  5D.  Auger  Emission  Spectroscopy  (AES)  of  MBE  and  annealed 
B4C/B9C  film.  The  AES  of  the  B9C  layer  is  shown.The  low  noise  is  an 
indication  of  the  ciystalline  structure  in  the  film.  The  number  in  the  boxes 
indicates  the  proportion  of  the  elements. 


Results  &  discussion 

Evaluation  of  Samples  and  Substrate  Correction 

In  the  case  of  the  heterostructures  the  measurement  of 
thermoelectric  properties  were  complicated  by  the 
conductivity  of  the  substrate.  In  this  particular  case,  most  of 
the  films  were  deposited  on  standard  lOQ-cm  Si  (100).  The 
relatively  high  conductivity  of  this  substrate  has  made  it 
necessary  to  correct  the  result  to  eliminate  substrate 
contributions  to  the  electrical  conductivity,  o,  and  the  Seebeck 
coefficient,  a.  the  measured  resistance  Rtotah  consists  of  the 
resistance  of  the  film,  and  the  resistance  of  the  substrate, 
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By  making  independent  measurements  of  the  substrate 
resistance,  the  film  resistance  can  be  calculated  from  the 
measured  value. 
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Given  the  dimensions  of  the  film  the  actual  conductivity  of  the 
hetrostructure  can  then  be  calculated  directly. 
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Similar  corrections  must  be  made  in  cases  involving 
measurements  of  the  Seebeck  coefficient.  The  substrate  and 
film  are  treated  as  two  parallel  branches  of  a  linear  circuit, 
each  composed  of  a  (thermal)  battery  and  a  resistor.  Please  see 
Fig.  9  for  the  details. 


The  measured  thermoelectric  voltage  of  the  film,  can  be 
expressed  in  term  of  the  measured  voltage,  VU)tah  the  known 
voltage  of  a  bare  substrate,  Vsvhxtrall„  the  resistance  of  the  film, 
Rfilm ,  and  the  resistance  of  the  bare  substrate,  Rxuhslrate. 
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The  Seebeck  coefficient  is  then 
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Obviously,  when  measuring  the  Seebeck  of  thin  films,  it  is 
important  to  minimize  the  substrate  contribution  to  the  extent 
possible  by  making  the  ration  RflJRslfb,lratc  as  small  as  possible. 
A1203  is  an  ideal  substrate  for  electronic  measurements  of  thin 
films  since  no  correction  of  the  Seebeck  coefficient  is  required 
for  such  insulating  materials.  In  the  case  of  1000  Q-cm  float- 
zone  Si  (100)  substrates,  the  uncompensated  error  in  the 
measured  Seebeck  coefficient  is  on  the  order  of  1%.  In  the 
case  of  10  fi-cm  Si  (100),  the  possible  error  introduced  by  the 
substrate  can  be  much  larger  and  must  be  accounted  for. 


Summary  and  Conclusions 

Auger  Emission  Spectroscopy  (AES)  and  X-ray  Photoelectron 
Spectroscopy  (XPS)  have  shown  the  MBE  films  change 
drastically  when  the  as  fabricated  films  are  aged  at  1050°C 
(fig.l)  supporting  the  large  increase  in  (a2/p)  of  the  aged  films. 
The  as  fabricated  film  appears  to  have  an  extra  phase  of  boron 
in  both  the  B4C  and  B9C  layers  and  the  structure  of  both  layers 
are  polycrystal  films.  The  aged  sample  however  appears  as 
single  crystal  epitaxy  material  with  no  second  phase  of  boron. 
The  boron  might  have  been  absorbed  by  the  Si  substrate.  With 
future  samples  AES  and  XPS  measurements  will  be  preformed 
on  the  substrate  before  and  after  aging  to  determine  if  the  extra 
phase  of  boron  is  taken  into  the  Si  substrate. 
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Abstract 

Polycrystalline  SiGe  films  have  applications  in  solar  cells, 
thermoelectricai  devices  and  field-effect  transistors  for  large 
area  integration  (liquid  crystal  displays  etc.).  Recently, 
nanocrystalline  state  was  detected  by  us  in  heavily  B-doped 
SiGe  films  after  vacuum  annealing.  Amorphous 
(a)  Si^x^X  films  with  x=0.25-0.60,  about  200-300nm 
thick  and  heavily  doped  with  Ga  (1%),  were  deposited  by 
molecular  beam  on  SiC>2/Si(001)  substrates  at  room 
temperature.  For  crystallization,  a-SiGe/SiC>2/Si  structures 

were  annealed  in  vacuum  of  lO-^Torr  at  600  to  900°C.  X-ray 
diffraction  and  TEM  observations  in  situ  showed 
nanocrystalline  (nc)  structure  in  SiGe  films  with  grain  size  of 
about  5-20nm.  The  nc-Sii_XGex  films  demonstrated  high 

hole  mobility  (1  to  lOOcm^/Vs)  and  Seebeck  coefficient 
values  (5  to  llOjiV/K). 

Introduction 

Polycrystalline  hot-sintered  Si]^xGex  was  utilized  first 
in  1970s  as  thermoelectric  board  power  source  element  in  the 
US  Voyager’s  spacekrafts  supplied  with  Pu -reactors  [1]. 

SiGe  powder  used  in  thermoelectric  applications 
usually  has  a  composition  varying  between  x=0.2  and  x=0.7 
and  a  grain  size  ranging  from  1  to  100pm.  The  of  merit  of 
thermoelectric  materials  is  defined  as  Z=S^aA  (  S,  a  and  X 
are  Seebeck  coefficient  or  differential  hermoelectric  power, 
specific  conductivity  and  specific  thermoconductivity, 
respectively).  A  large  Z  can  be  obtained  via  high  doping  or  by 
entering  in  compact  small  amount  of  A3B5  compound  (GaP 
is  typical),  which  increase  both  carrier  concentration  up  to 
lo20_io21cm-3  and  S  [2,3,4].  Z^2  which  is  the  figure  of 
merit  of  two-branches  thermoelement,  is  given  by  Z\  2:=:(S2- 

Sl)2/[(M/<Tl)1/2  +  (Ai/cti)1/2]2  while  S[,  <ri,  Xj  and  S2, 
<72,  X  2  are  the  parameters  of  each  thermoelement  branch. 

Distinguishing  features  of  SiGe  as  a  thermoelectric 
material  are  also:  1)  low  thermoconductivity  (X)  having  a 
minimum  value  for  x»0.5;  2)  high  charge  carriers  mobility 
and  3)  increase  of  Seebeck  coefficient  (S)  with  temperature  up 
to  ~  1000°C  [1,2,4]. 

Increasing  the  figure  of  merit  of  SiGe  by  decreasing 
the  grain  size  from  100  to  1pm  ,is  not  effective  since  while 
the  thermal  conductivity  is  decreased  with  grain  size,  the 
electrical  conductivity  is  also  slightly  decreased,  so  that  no 
sufficient  change  in  the  figure  of  merit  is  observed[5]. 
Theoretical  calculations,  however,  show  [6]  that  further 
increase  of  Z  can  be  expected  in  special  monocrystalline  SiGe 
superlattices  obtained  via  6 -doping  with  compositional  steps 


of  several  A. 

Recently,  we  reported  [7]  results  of  detailed  studies 
of  crystallization  process  in  undoped  and  heavily-doped  with  P 
and  B  hydrogenated  Si i-xGex  films  deposited  in  an  RF  glow 
discharge  CVD  system  of  hydrogen-diluted  SiH4+GeH4 
mixtures.  In  particular,  we  have  discovered  that  the  grain 
growth  rate  in  SiGe  films  strongly  decreased  with  B  doping, 
independent  of  the  Ge  content.  Owing  to  this  effect  even  Ge- 
rich  a-SiGe  films  remained  nanocrystalline  (grain  size  <  100 A) 
after  800°C  annealing. 

In  the  present  study  we'll  show  that  heavily  Ga- 
doped  a-SiGe  films  deposited  in  high  vacuum  molecular  beam 
chamber  have  the  tendence  to  form  a  nanocrystalline 
morphology.  This  means  that  strong  p-doping  drastically 
influences  crystallization  mechanism  of  a-SiGe.  We'll  also 
present  some  transport  properties  of  nanocrystalline  SiGe. 

Experimental 

Structure 

Ga-doped  ([Ga]=5-10^cm^)  a-Sii_xGex  films,  0.2-0.3pm 
thick,  having  compositions  x=0.27  to  0.55,  were  grown  at 
200-250°C  by  molecular  beam  processing  on  oxidized 
Si(001)  wafers  where  SiC>2  thickness  was  about  0.4jum.  The 
Si /Ge  ratio  we  obtained  via  Rutherford  Backscattering 
Spectroscopy.  The  X-Ray  Diffraction  (XRD)  analysis  was 
performed  using  Philips  powder  diffractometer  (Cu-K^ 
radiation).  XRD  samples  were  annealed  in  a  hot-wall  furnace, 
having  a  vacuum  near  10'^Torr  at  temperatures  between  600 
and  900°C.  Transmission  Electron  Microscopy  (TEM)  was 
performed  by  JEM-1000  microscope  (1  MeV  acceleration 
voltage)  equipped  with  a  double -tilting  hot  stage.  In  selected 
area  diffraction  imaging  mode  (SAD),  the  time  to  (time  which 
is  necessary  for  a  crystal  to  grow  large  enough  to  be 
detectable  by  TEM,  see  details  in  [7]),  which  describes  the 
SiGe  stability  in  the  amorphous  state,  is  characterized  by  the 
appearance  of  the  second  amorphous  halo  splitting  to  yield 
the  (220)  and  (311)  crystal  rings  or  spots,  whereas  in  the  daik- 
field  image,  the  time  to  is  characterized  by  the  appearance  of 
first  SiGe  crystals  of  50-100A  in  size. 

Electron  Transport  Investigation 

The  electrical  conductivity  cr,  the  Hall  coefficient  Rfj  and  the 
Seebeck  coefficient  S  were  measured  in  the  temperature  range 
between  85  and  375K.  Fig.  I  shows  the  structure  of  a  sample 
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used  for  these  measurements.  The  pattern  were  produced  by 
film  deposition  trough  steel  masks,  the  length  is  20mm. 

The  voltage  probes  as  well  as  the  copper-constantan 
thermocouples  were  glued  by  silver  paint  onto  the  sample. 
For  the  Hall  meassurements  a  magnetic  field  of  ±1.3T  was 
used.  The  thermocouples  served  as  current  suppliers.  All 
meassurements  were  carried  out  in  high  vacuum. 

The  Seebeck  effect  is  normally  calculated  according 
to 

S=UcuSCuCc/(UCu-UCo)+SCu  (1) 

Ucu  and  UcQ  are  the  voltages  between  the  copper  and  the 
constantan  wires,  respectively.  ScuCo  IS  the  thermopower  of 
the  thermocouple  at  the  samples  average  temperature  and  Squ 
is  the  thermopower  of  copper. 

We  used  the  following  method  to  eliminate  the  error 
due  to  a  little  heat  flow  trough  the  thermocouples.  The 
meassurement  was  carried  out  at  three  temperature  differences 
AT=2...5  K.  Ucu(AT)  and  Uco(AT)  were  fitted  to  straight 
lines:  Ucu  =  acu  AT  +  bcu  ,  Uc0  =  ac0  AT  +  bc0  with 
the  "error  voltages"  bcu~bCo  °f  typical  3.5 pV  at  room 
temperature  and  70pV  at  100K.  Then  the  thermopower  of  the 
sample  was  calculated  according  to 

S=acuSCuCo/(aCu-aCo)+Scu  (2) 

The  overall  experimental  error  can  be  estimated  to  be 
around  5%  and  it  is  mainly  due  to  the  inaccuracy  of  the 
geometrical  shape  and  film  thickness  in  the  case  of 
conductivity  and  Hall  measurements. 


i  3  2 


Fig.  1.  Sample  structure  for  electron  transport 
measurements.  TE  -  thermocouples,  1,2  -  conductivity 
probes,  3,4  -  Hall  probes. 

Results 

I.  Crystallization  of  Ga-doped  Sii-X^ex  films 
I.l.  XRP  studies 

A  Veggard's  law  of  linear  dependence  of  the  lattice  parameter 
(d)  on  Ge  content  [8] 

cKS iGe)=^Si)  +  A[d(Ge)-d(Si)]  ,  (3) 

where  A  is  a  constant,  is  ,  in  general,  correct.  However,  the 
crystallized  a-SiGe  films  present  some  XRD  diffraction  peaks 
correspond  to  interplanar  spacings  which  are  different  from 
those  of  the  ideal  solid  solution.  The  kinetics  of 


crystallization  and  the  appearance  of  peaks-satellites  which  is 
related  to  SiGe  decomposition  is  demonstrated  in  Figs.2  and  3 
by  XRD  spectra  of  Ga-doped  SiGe  films.  XRD  spectra  in 
Fig-2  shows  also  a  drastic  acceleration  of  the 
crystallization/recrystallization  process  of  the  a-SiGe(Ga)  at 
900°C  compared  to  the  partially  crystallized  SiGe  annealed  at 
600-800°C . 


Fig. 2.  Evolution  of  (111)  XRD  spectra  of  a  Ga-doped  a- 
Sio.45Geo.55  sample  during  annealing  at  600  (spectrum  1), 
700  (spectrum  2),  800  (spectrum  3)  and  900°C  (spectrum  4) 


Fig. 3.  Detailed  XRD  spectra  of  the  same  a- 
Sio.45Geo.55(Ga)  after  600°C,lh  (a)  and  700°C  (b)  for  lh. 
The  arrows  in  Fig.3b  show  an  example  of  SiGe 
decomposition  related  to  the  additional  peaks  near  the  main 
(111) reflection  (with  di  1 1=3.202 A). 
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1.2.  TEM  in-situ  studies  of  a-SiGe:Ga  films  crystallization 


The  typical  nanocrystalline  morphology  which  was  evolved 
during  crystallization  of  a-SiGe(Ga)  films  on  SiC>2  is  shown 
in  Fig.4.  This  figure  shows  a  sample  of  a-Sio.45Geo.55 

which  was  anneled  at  T=700°C.  Grain  size  in  the  crystallized 
SiGe  film  ranged  from  50  to  250A.  For  comparison,  grain 
size  in  undoped  SiGe  films  annealed  under  the  same 
conditions  was  about  1pm  or  approximately  100  times  larger. 
The  incubation  time  before  crystallization  (to)  at  700°C  in  a- 
Sio.45Geo.55  was  about  lmin.  The  general  to(T)  dependence 
for  different  Sii_xGex  films,  undoped  and  doped,  is 
demonstrated  in  Fig.5.  It  is  interesting,  that  both  p-type 
films,  Ga-doped  and  B -doped  are  nanocry staUine  (more  detailed 
data  of  SiGe(B)  crystallization  see  in  Ref.7),  however, 
compared  to  undoped  SiGe,  Ga-doping  decreased  incubation 
time  while  B-doping  drastically  increased  it. 

II.  Transport  properties  of  the  nano-SiGe:Ga 
films 

Well-known  Ga-Si  and  Ga-Ge  equilibrium  phase  diagrams  [9] 
show  maximum  Ga  solubility  in  the  order  of  10"^  and  10“^, 
respectively  (both  retrograde  with  temperature  decrease). 
Therefore,  the  corresponding  hole  concentration  values  in 
SiGe  films  should  be  around  lO^-lO^cm'^,  and  that  js 
what  we  observed  in  our  samples  (Fig.6).  A  weak  dependence 
of  hole  concentration  on  temperature  [p](T),  as  shown  in 
Fig.6  is  typical  for  such  nearly  degenerated  semiconductors 
[10].  The  attendant  Si]-xGex  films  (annealed  at  700°C  for 
lh)  conductivity  was  also  high  (Fig.7)  even  though  the  film 
structure  was  mixed  and  characterized  as  a  nanocrystalline 
with  large  amount  of  amorphous  phase. 

SiGe  films  annealed  at  700°C  demonstrated  different 
hole  mobilities  values  in  the  range  of  0.5  to  60  cm^/Vs 
(largest  value  -  for  Sii_xGex  with  x=0.6;  see  mobility 
dependence  on  temperature  in  Fig. 8)  which  were  in  a  good 
accordance  with  mobility  values  specified  for  heavily  p-doped 
Ge  [10]. 

As  can  be  seen  in  Fig.9,  the  Seebeck  coefficient  S 
values  of  our  p-type  SiGe(Ga)  films  at  room  temperature  were 
close  to  lOOpV/K  and  which  is  similar  to  those  specific  for 
hot-pressed  SiGe  powder  samples  [2].  However,  in  our  case 
S(T)  dependence  [10,12] 

S=±k/e{2+ln[2(27rm*+kT)3/2/n±h3l}  (4) 

(here  m*+  is  the  effective  mass  and  n±  the  carrier 
concentration  of  holes/electrons)  is  shifted  to  the  low 
temperature  range  with  the  maximum  at  around  room 
temperature  as  compared  to  that  for  hot-pressed  poly-SiGe 
samples[l-5].  The  change  of  the  S  sign  owes  to  the  electron 
conductivity  contribution  in  our  p-SiGe  which  increased  with 
the  temperature  increase. 

As  it  is  well-known  [11],  thermoelectric  conversion 
efficiency  r|  of  SiGe  sharply  increases  with  grain  size  decrease 
(ten  times,  from  3  to  30%  if  the  grain  size  decreased  from  30 
to  1pm).  It  is  obvious  to  expect  further  t]  improvement  in 
SiGe  materials  with  100  times  smaller  grains. 


(311) 


(220) 


Fig.4.  Plan-view  TEM  micrograph  and  selected  area 
diffraction  of  Ga-doped  nanocrystalline  Sio.45Geo.55(Ga) 
after  annealing  at  700°C  for  lh. 
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Fig.5.  The  temperature  dependences  of  the  incubation  time 

to  for  undoped  Sio.74Geo. 26  (1)  >  Sio.46Geo.54  (2)  and  Ga- 
doped  Sio.73Geo. 27  (3)  and  Sio.45Geo.55  (4)  films.  Point  * 
corresponds  to  the  B-doped  Sio.8Geo.2  film  (interpolated  data 
from  Ref.7). 
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Fig. 6.  The  temperature  dependence  of  carrier  concentration 
in  heavily  p-doped  SiGe  with  27(a),  38(b)  and  60%Ge(c)  after 
vacuum  annealing  at  700°C  for  lh. 


Fig. 7.  The  temperature  dependence  of  the  conductivity  of 
heavily  doped  p-SiGe  films  with  27(a),  38(b)  and  60%Ge(c) 

after  vacuum  annealing  at  700°C  for  lh,  in  nanocrystalline 
state. 
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Fig. 8.  The  temperature  dependence  of  hole  mobility  in  p- 
Sio.4Geo.6  films  after  vacuum  annealing  at  700°C  for  Ih. 
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Fig. 9.  The  temperature  dependence  of  the  thermoelectric 
power  of  heavily  Ga-doped  Sii_xGex  films  after  vacuum 
annealing  at  700°C  for  lh. 

Conclusions 

(i)  Ga-doped  a-Sii-xGex  films,  independently  of  x, 
demonstrated  extraordinary  small  grain  size  (in  order  of  100A) 
after  crystallization  at  700-800°C  for  lh,  which  was  about 
100  times  smaller  than  that  in  undoped  and  P-doped  SiGe 
films  under  the  same  treatment.  This  grain  growth  hindering 
effect  can  be,  possibly,  beneficial,  in  high-efficiency 
thermoelectric  structure  technology. 

(ii)  First  measurements  of  transport  properties  of  nano- 
SiGe(Ga)  films  show  that  those  stable  nano-SiGe(Ga)/Si02 
structures  can  be  usefull  in  further  for  thermoelectric 
applications  at  low  temperatures. 
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ABSTRACT 

Ferrosilicon  (FeSb)  grains  (99.9  %)  were  evaporated  at 
room  temperature  onto  the  (lOO)-oriented  n-type  FZ  Si  substrates 
using  electron  beam  deposition  technique.  Optical,  electrical  and 
structural  properties  were  systematically  investigated  as  a 
function  of  subsequent  isochronal  (2  hrs)  annealing  temperature 
(Ta)  in  the  range  of  400  ~  950  °C.  X-ray  diffraction  and  Raman 
scattering  analysis  suggested  the  formation  of  polycrystalline 
P-FeSi2  above  Ta=500  °C,  whereas  above  7^=800  °C,  Si 
agglomeration  was  observed  to  form.  The  electrical  resistivity 
of  these  samples  reached  a  maximum  (0.542  £!•  cm)  at  7^=700 
°C,  and  then  it  decreased  with  increasing  Ta.  Its  decrease  process 
was  explained  by  considering  the  creation  of  Si  vacancies,  which 
could  presumably  be  acting  as  holes.  It  is  of  great  interest  that 
in  Ta=600  ~  800  °C,  the  majority  carrier  converts  from  n-  to  p- 
type.  Typical  carrier  concentrations  and  mobilities  were 
determined  to  be  |in=39.4  cm2/V*sec,  ne=6.59  X  1017cnr3  for 
n-type  P~FeSi2  with  7^=600  °C  and  |ih=20.3  cm2/V*sec,  nh=2.22 
x  1018  cm-3  for  p-type  p-FeSi2  with  Ta=  850  °C.  Optical 
absorption  measurements  revealed  that  the  nature  of  the  band- 
gap  varies  from  an  indirect  to  direct  one  with  increasing  Ta. 

I.  INTRODUCTION 

p-FeSi2  is  a  candidate  material  for  future  thermoelectric 
devices  [1]  as  well  as  Si-based  optoelectronic  devices,  i.e.,  solar 
cells  [2]  and  photo-detectors  [3]  because  of;  1)  non-toxicity,  good 
physical-chemical  stability  at  high  temperatures,  and  large 
abundance  of  the  involved  Si  and  Fe  elements  in  the  Earth,  2)  its 
semiconducting  properties  having  a  supposedly  direct  band-gap 
of  about  0.83  ~  0.87  eV  at  room  temperature  [4],  3)  a  high  optical 
absorption  coefficient  of  up  to  105  cnr1  near  1  eV  [5-7],  and  4) 
a  possibility  to  grow  this  material  epitaxially  on  Si  substrate  [8]. 
However,  there  are  so  many  unclear  points  in  this  material,  for 
example,  although  pure  p-FeSi2  is  believed  to  be  intrinsic 
semiconductor  in  the  field  of  thermoelectric  device  [9],  generally 


unintentionally  doped  p-FeSi2  exhibits  p-type  conductivity  [5]. 
In  addition,  the  nature  of  the  band  gap  has  been  reported  to  be 
indirect  according  to  the  theoretical  calculation  [10],  but,  it  was 
empirically  demonstrated  to  be  direct  [4].  Thus,  it  is  still 
necessary  to  investigate  the  fundamental  properties  of  this 
material  closely  and  systematically. 

In  this  work,  polycrystalline  [3-FeSi2  was  fabricated  by 
electron  beam  evaporation  of  ferrosilicon  (FeSi2)  grains  onto 
the  Si  (100)  substrates  at  room  temperature,  followed  by  a  thermal 
annealing  up  to  900  °C  for  2  hrs.  Their  optical,  electrical  and 
structural  properties  were  investigated  as  a  function  of  subsequent 
annealing  temperature  (Ta)  in  the  range  of  400  ~  950  °C. 

II.  EXPERIMENTAL  METHODS 

Wafers  used  in  this  study  are  (lOO)-oriented  FZ  grown 
n-type  Si  with  resistivity  values  higher  than  1  x  103  Q-cm.  Prior 
to  the  deposition,  the  wafers  were  treated  in  a  solution  of 
HF:H2O=l:50  for  30  sec.  Iron  silicides  of  4500  A  thickness 
were  then  deposited  on  the  silicon  wafers  in  the  vacuum  around 
lxlO5  Torr  at  room  temperature  by  electron  beam  evaporation 
of  ferrosilicon  (FeSi2)  grains  (99.9  %).  Subsequently,  they  were 
isochronally  annealed  for  2  hrs  at  7^=400  -  950  °C  in  constant 
N2  gas  flow  with  infrared  gold  image  furnace,  which  resulted  in 
the  formation  of  poly  crystalline  p-FeSi2  in  the  range  of  7^=500 
~  900  °C.  For  the  structural  phase  determination  an  X-ray 
diffraction  analysis  was  carried  out  using  CuKa  source.  Raman 
scattering  measurements  were  performed  in  backscattering 
geometry  using  514.5  nm  of  an  Ai+  laser  in  order  to  investigate 
the  lattice  defects  and  structural  changes.  Electrical  properties 
were  characterized  at  room  temperature  using  a  standard  van 
der  Pauw  technique.  To  determine  the  nature  of  band-gap  and 
its  energy  value,  the  optical  absorption  was  measured  at  room 
temperature  with  a  BOMEM  DA8  spectrometer  using  a  quartz 
halogen  lamp  as  a  light  source.  All  the  data  were  recorded  as  a 
function  of  annealing  temperature  ( Ta ). 
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III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  XRD  spectra  as  a  function  of  Ta  .  It 
presents  a  formation  of  polycrystalline  p-FeSi2  in  the  range  of 
Ta- 500  -  900  °C,  although  the  as-grown  sample  and  the  sample 
with  Ta=400  °C  exhibit  an  amorphous  structure.  Above  7^-950 
°C,  phase  transformation  from  |3-FeSi2  to  a-Fe2Si5  is  clearly 
identified.  In  this  figure,  signal  from  Si  (1 1 1)  is  also  recognized 
above  800  °C,  suggesting  that  the  Si  agglomeration  was  formed 
in  the  p-FeSi2  layers  due  to  the  high  temperature  annealing. 

These  features  were  also  found  in  the  analysis  of  Raman 
measurements  as  shown  in  Fig.  2.  Two  signals  appearing  at  198 
and  250  cm-1  are  assigned  to  originate  from  (}-FeSi2  [11],  and 
especially,  the  latter  signal  observed  at  250  cm-1  is  dominant  in 
the  range  of  7^=500  ~  850  °C,  indicating  the  formation  of  (3- 
FeSi2  with  good  crystalline  quality.  An  another  signal  is  found 
at  520  cm-1  for  the  samples  with  Ta=  850  ~  900  °C  and  is 
attributed  to  Si-Si  bonding,  exactly  indicating  that  the  Si 
agglomeration  was  created  in  the  formed  P-FeSi2  layers  as  was 
already  discussed  above. 

Figures  3  and  4  show  the  results  of  van  der  Pauw 
measurements  carried  out  at  room  temperature.  Room 
temperature  electrical  resistivities  are  presented  in  Fig.  3  as  a 
function  of  Ta  .  One  can  see  that  the  resistivity  initially  increases 
up  to  0.542  Q* cm  at  Ta=700  °C,  corresponding  to  the  previous 
reported  resistivity  value  (0.3  £>cm)  for  an  epitaxially  grown 
P-FeSi2  on  Si  [8].  This  initial  increase  process  reflects  a 
nucleation  and  growth  process,  varying  from  an  amorphous 


metallic  iron  silicide  to  semiconducting  p-FeSi2.  Above  700 
°C,  the  resistivity,  however,  rapidly  decreases  to  2.40  x  10-3 
Q*cm  at  950  °C,  which  is  two  order  of  magnitude  higher  than 
the  typical  resistivity  value  (0. 1-0.2  x  10-4  £>cm)  for  a-Fe2Sis 
single  crystal  [12],  Si  agglomeration  is  probably  responsible 
for  the  unusual  higher  resistivity  for  the  samples  with  Ta= 950 
°C.  The  reason  for  the  resistivity  reduction  observed  in  7^=700 
~  900  °C  is  discussed  later. 
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Fig.  2  Raman  scattering  spectra  for  FeSi2  deposited  on  Si  as  a 
function  of  annealing  temperature,  Ta. 


ANNEALING  TEMPERATURE  (°C) 


Fig- 1  XRD  spectra  for  FeSi2  deposited  on  Si  as  a  function  of  Fig.  3  Electrical  resistivities  for  FeSi2  deposited  on  Si  as  a 
annealing  temperature,  Ta.  function  of  annealing  temperature,  Tu. 


480 


15th  International  Conference  on  Thermoelectrics  (1996) 


ANNEALING  TEMPERATURE  (°C) 


a 

u 

Z 

O 

H 

cS 

H 

Z 

w 

u 

z 

o 

u 


Fig.  4  Annealing  temperature,  7fl  dependence  of  carrier 
concentration  and  mobilities  for  FeSi2  deposited  on  Si. 


The  room  temperature  mobilities  and  the  carrier 
concentrations  for  the  samples  with  Ta- 600  -  900  °C  are  shown 
in  Fig.  4  as  a  function  of  Ta,  in  which  the  conductivity-type  for 
the  samples  with  7^<600  °C  and  7a=700  °C  was 
indistinguishable.  We  observed  a  type-conversion  with  respect 
to  the  majority  carrier  from  electron  (n-type)  to  hole  (p-type)  in 
the  range  of  7^=600  ~  800  °C.  Their  mobilities  were  measured 
to  be  |dn=39.4  cm2/V*sec  for  n-type  (3-FeSi2  with  7^=600  °C 
and  fih=10.6  ~  20.3  cm2/V*sec  for  p-type  |3-FeSi2  with  7a=800 
-  900  °C,  while  the  carrier  concentration  increased  with 
increasing  T{h  from  ne=6.59  X  1017cnr3  for  n-type  (5-FeSi2  with 
Ta=600  °C  to  nh=2.39  x  1019  cm-3  for  p-type  (3-FeSi2  with 
7^=900  °C.  The  carrier  concentration  of  2.22  x  1018  cm-3 
observed  for  p-type  (3-FeSi2  with  7^=850  °C  agrees  quite  well 
with  the  previously  reported  value  of  2  x  1018  cm-3  for  an 
epitaxially  grown  |3-FeSi2  on  Si  [8],  while  the  mobility  value  of 
20.3  cm2/V*sec  is  one  order  of  magnitude  higher  than  that  of  ~2 
cm2/V*sec  observed  for  an  epitaxial  one  [8], 

In  our  recent  results  [13]  of  electron  spin  resonant  (ESR)- 
measurements  carried  out  for  a  single  crystal  |3-FeSi2  grown  by 
chemical  vapor  transport  (CVT)  technique,  Si  vacancies  were 
suggested  to  have  an  influence  on  the  hole  (p-type)  -conductivity 
of  (3-FeSi2.  In  this  study,  we  observed  a  Si  agglomeration  for 
the  samples  with  7fl>800  °C  as  was  already  shown  in  Figs.  1 
and  2,  and  it  is  consequently  assumed  to  lead  into  a  creation  of 
Si  vacancies  in  [i-FeSb  layers.  Taking  this  assumption  into 
consideration,  it  is  reasonable  that  the  hole  concentration 
increases  with  increasing  Ta  for  the  samples  with  7^=800  ~  900 
°C,  due  to  the  appearance  of  Si  vacancies  in  (3-FeSi2  layers. 
Simultaneously,  the  reason  for  the  rapid  decrease  process  of 
resistivity  for  the  samples  with  7«>800  °C  demonstrated  in  Fig. 
3  is  also  explained  by  considering  an  increase  of  the  Si  vacancies, 


Fig.  5  Optical  absorption  coefficient  (a)  versus  photon  energy 
(hv)  as  a  function  of  annealing  temperature,  Ta. 


which  could  presumably  be  acting  as  holes.  If  Fe  vacancies  are 
supposed  to  act  as  donors,  n-type  conductivity  is  plausible  to  be 
observed  for  the  sample  with  7a=600  °C. 

Although  the  optical  band-gap  and  its  nature  of  fFFeSi2 
have  so  far  been  investigated  by  many  research  groups  [4-8], 
we  for  the  first  time  systematically  investigated  the  annealing 
temperature  (Ta)  dependence  of  the  optical  absorption  properties 
of  (3-FeSi2  fabricated  by  electron  beam  deposition  technique. 
Figure  5  shows  the  optical  absorption  coefficient  (a)  versus 
photon  energy  (hv).  Semiconducting  absorption  starts  to  be 
observed  from  7^=500  °C,  and  the  best  crystalline  quality  was 
achieved  at  7^=800  °C.  Above  Ta- 800  °C,  the  crystalline  quality 
was  found  to  degrade  gradually,  due  presumably  to  the 
appearance  of  Si  vacancies.  The  high  optical  absorption 
coefficient  of  up  to  10^  cm”1  near  the  energy  of  1.0  eV  is 
commonly  observed  in  (3-FeSi2  formed  by  various  techniques 
[4-8]  and  can  be  of  interest  in  view  of  optoelectronics 
applications,  i.e.,  solar  cells  and  photo-detectors. 

The  nature  of  the  optical  band-gap  and  the  band-gap 
energy  can  be  determined  by  fitting  the  absorption  data  to 
theoretical  curves  that  follow  the  relationships  between  optical 
absorption  coefficient  (a)  and  photon  energy  (hv)  [14]; 

a-hv  =  A(hv-E™d-Eph )2  (]) 

for  the  materials  with  an  indirect  band-gap, 

cc-hv  =  A'(hv-Edir)'n  (2) 

for  the  direct  band-gap  materials,  and 
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Fig.  6  The  results  of  the  fitting  using  Eq.  (1),  indicating  the 
indirect  band-gap  transition  for  the  samples  with  7^=500  and 
600  °C. 


PHOTON  ENERGY  (eV) 

Fig.  7  The  results  of  the  fitting  using  Eq.  (3),  indicating  the 
minimum  indirect  band-gap  which  is  a  few  tens  meV  lower  than 
direct  one  at  T  point,  for  the  samples  with  Tfl=700  and  800  °C. 

a ■  hv  =  A(hv - E™d  - EpJ2  +  A\hv-Ef)m  (3) 
for  the  material  with  a  minimum  indirect  band-gap  very  close  in 
energy  to  the  direct  band- gap  at  T.  In  equations.  (1),  (2)  and  (3), 
Eph  is  the  phonon  energy,  A  and  A '  are  constants  which  are 
associated  with  specific  details  of  the  band  structure,  and  E™d 
and  EdlT  are  the  band-gap  energies  for  the  indirect  and  direct 
transition,  respectively. 

The  samples  with  7^=500  and  600  °C  were  fitted  by  the 
equation  (1)  for  the  indirect  band-gap  materials  as  shown  in  Fig. 
6,  and  those  with  Ta=100  and  800  °C  were  fitted  by  an  equation 


PHOTON  ENERGY  (eV) 

Fig.  8  The  results  of  the  fitting  using  Eq.  (2),  indicating  the 
direct  band-gap  transition  for  the  samples  with  7^=850  and  900 
°C. 


Fig.  9  The  nature  of  the  band-gap  and  the  band-gap  energies 
determined  by  the  fitting. 

(3)  as  shown  in  Fig.  7,  while  those  with  7^=850  and  900  °C  were 
fitted  by  the  equation  (2)  for  the  direct  band-gap  materials  as 
shown  in  Fig.  8.  These  facts  indicate  that  the  nature  of  the  band- 
gap  strongly  depends  on  the  annealing  temperature.  The  results 
determined  by  the  above  fitting,  i.e.,  the  nature  of  the  band-gap 
and  their  band-gap  energies  are  illustrated  in  Fig.  9.  The  nature 
of  the  band-gap  varies  from  indirect  to  direct,  and  their  values 
are  estimated  to  be  0.532  ~  0.687  eV  for  the  indirect  band-gap 
and  0.843  -  0.877  eV  for  the  direct-band-gap. 
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IV.  CONCLUSIONS 

Polycrystalline  (3-FeSi2  were  fabricated  by  electron  beam 
evaporation  of  ferrosilicon  (FeSi2)  grains  onto  the  Si  (100) 
substrates  at  room  temperature,  followed  by  a  thermal  annealing 
up  to  900  °C  for  2  hrs.  Their  optical,  electrical  and  structural 
properties  were  systematically  investigated  as  a  function  of 
subsequent  annealing  temperature  (Ta)  in  the  range  of  400  - 
950  °C.  X-ray  diffraction  and  Raman  scattering  analysis 
suggested  the  formation  of  polycrystalline  (3-FeSi2  above  7^=500 
°C,  nevertheless  above  7^=800  °C,  Si  agglomeration  was 
observed  to  appear.  In  van  der  Pauw  measurements,  carrier  type- 
conversion  from  electron  (n-type)  to  hole  (p-type)  were  observed 
in  7>600  ~  800  °C,  and  their  typical  carrier  concentrations  and 
mobilities  were  determined  to  be  \in=39A  cm2/V*sec,  ne=6.59 
X  1017cnr3  for  n-type  (3-FeSi2  with  Ta=600  °C  and  (ih=20.3 
cm2/V*sec,  nh=2.22  x  1018  cnr3  for  p-type  (3-FeSi2  with  7^=850 
°C.  The  resistivity  reaches  a  maximum  (0.542  Q*cm)  at  7^=700 
°C,  and  then  it  decreases  with  increasing  Ta>  Its  decrease  process 
was  explained  by  considering  a  creation  of  Si  vacancies,  which 
could  be  acting  as  holes  and  be  expected  to  originate  from  the 
results  of  Si  agglomeration.  Optical  absorption  measurements 
revealed  that  the  nature  of  the  band-gap  varies  from  an  indirect 
(0.532  ~  0.687  eV)  to  direct  one  (0.843  ~  0.877  eV)  with 
increasing  7^. 
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In  this  report  results  on  phase  formation  and  transport 
properties  of  amorphous  and  nano-crystalline  Re-Si  thin  films 
are  presented.  The  results  imply  that  the  partially  crys¬ 
tallized  Re-Si  films  i.e.  films  consisting  of  amorphous  and 
nano-crystalline  phases  form  a  new  class  of  heterostructures 
which  are  essentially  different  from  binary  insulator-metal 
mixtures.  We  have  found  that  the  resistivity  and  thermopow¬ 
er  of  the  heterogeneous  films  consisting  of  amorphous  and 
nano-crystalline  phases  do  not  follow  to  well  known  Effec¬ 
tive  Medium  Approximation  when  the  ratio  between  these 
two  phases  is  varied.  Both  phase  composition  and  crystalline 
grain  size  appear  to  be  important  parameters  for  the  thermo¬ 
electric  material  optimization. 


I.  INTRODUCTION 

Despite  continuous  efforts  there  has  been  not  much 
improvement  of  the  properties  of  materials  suitable  for 
thermoelectric  energy  conversion  during  recent  10  years. 
This  resulted  in  a  discussion  whether  a  principle  limit  for 
the  thermoelectric  energy  conversion  efhcience  has  been 
achieved  or  there  is  still  room  for  further  improvement. 
Recently,  new  approaches  to  develop  more  efficient  ther¬ 
moelectrics  were  proposed.  One  of  them  is  based  on  the 
use  of  quasi-two-dimensional  multilayer  structures  made 
of  conventional  thermoelectric  materials  like  Bi-Te-based 
alloys.  According  to  the  theoretical  estimations  one  can 
expect  an  increase  of  the  thermoelectric  parameters  in 
such  multilayers  to  20-30  %.  We  have  investigated  an¬ 
other  type  of  inhomogeneous  materials-  these  are  nano¬ 
crystalline  (NC)  transition  metal  silicides. 

Nano-crystalline  materials  are  characterized  by  ultra- 
fine  grain  sizes  and  a  large  volume  fraction  of  interfaces. 
These  interfaces  could  provide  an  additional  scattering 
mechnism  for  the  conduction  electrons.  If  the  scattering 
magnitude  on  the  interfaces  is  strongly  energy-dependent 
then  this  could  result  in  an  increase  of  the  thermoelectric 
parameters  of  a  material. 

We  are  presenting  the  resistivity  and  thermopower  of 
thin  film  composites  which  consist  of  amorphous  Re-Si 
and  crystalline  grains  of  the  ReSi2  compound.  Recently, 
the  interest  in  thin  film  rhenium  silicides  has  consider¬ 
ably  increased  mainly  because  of  their  potential  applica¬ 
tion  in  optoelectronic  devices  integrated  on  silicon  [1-3]. 
Silicides  are  also  considered  as  promising  materials  for 
thermoelectric  applications  [4]. 


Within  the  Re-Si  system  ReSi2  is  a  narrow-gap  semi¬ 
conductor.  The  forbidden  gap  was  found  to  be  of  0.12 
eV  [1,5].  A  great  body  of  reseach  has  been  devoted  to 
the  studies  of  bulk  silicide  materials,  see  for  a  review  for 
example  [6]  and  epitaxially  grown  silicide  films  on  silicon 
[1,7,8].  Much  less  has  been  done  in  studies  of  polycrys¬ 
talline  thin  films  of  the  semiconducting  ReSi2  compound, 
particularly  of  nano-crystalline  films  [3]. 

Among  variety  of  methods  for  synthesis  of  NC  materi¬ 
als  the  crystallization  from  amorphous  state  possesses  a 
number  of  advantages: 

•  It  is  very  simple  and  convenient  in  this  method  to 
control  the  crystallization  process.  Conventional 
annealing  can  result  in  nano-crystallization  with 
different  grain  sizes  in  dependence  on  the  heat 
treatment  conditions. 

•  The  crystallization  from  an  amorphous  state  pro¬ 
vides  an  unique  method  to  study  interfacial  phe¬ 
nomena  in  NC  materials.  Because  in  this  method 
the  crystalline  phase  is  formed  from  the  amorphous 
state  via  solid  phase  transformation  the  internal  in¬ 
terfaces  are  clean. 

•  a  combination  of  the  heat  treatment  with  in-situ 
transport  property  measurements  or  with  in-situ  X- 
ray  investigations  gives  immediate  and  direct  infor¬ 
mation  about  kinetics  of  nano-crystallization  pro¬ 
cess  and  properties  of  the  material. 

We  started  with  the  amorphous  film  and  have  achived 
the  nano-crystallized  structure  by  annealing.  In  depen¬ 
dence  on  the  temperature  and  time  of  the  annealing 
treatment  the  volume  fractions  of  amorphous  and  nano¬ 
crystalline  phases  have  been  varied  in  a  broad  range. 

The  films  with  compositions  close  to  the  stoichiomet¬ 
ric  composition  of  the  semiconducting  ReSi2  form  a  new 
interesting  class  of  heterogeneous  NC  materials.  In  de¬ 
pendence  of  the  initial  film  composition  three  distinctive 
types  of  the  heterogeneous  compounds  could  be  formed 
in  course  of  the  heat  treatment: 

•  Stoichiometric  film  consists  of  nanodispersed  grains 
of  semiconducting  phase  within  an  amorphous  ma¬ 
trix  of  the  same  atomic  composition.  Interfaces 
crystalline  ReSi2  -  amorphous  disilicide  will  be  re¬ 
alized. 

•  On  the  metal-rich  side  the  complete  crystallization 
will  result  in  a  formation  of  two-  or  three-phase 
compound  consisting  of  crystalline  disilicide  and 
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crystalline  Re.  In  the  intermediate  stages  of  anneal¬ 
ing  the  film  consists  of  NC  disilicide  within  amor¬ 
phous  matrix  with  an  excess  of  the  metal  in  the 
interfaces. 

•  On  the  silicon-rich  side  the  complete  crystallization 
results  in  the  formation  of  two-phase  compound 
consisting  of  crystalline  ReSi2  and  crystalline  sili¬ 
con.  In  the  intermediate  stages  the  film  consists  of 
NC  disilicide  and  amorphous  matrix  with  an  excess 
of  Si  in  the  interfaces. 

II.  EXPERIMENTAL 

The  films  were  prepared  by  magnetron  co-sputtering 
from  pure  component  targets  onto  unheated  substrates. 
As  the  substrates  oxidized  Si  wafers  were  used.  The 
film  thickness  was  typically  100-150  nm.  The  compo¬ 
sition  analysis  of  the  films  was  carried  out  by  Rutherford 
Backscattering  Spectroscopy  (RBS)  and  Energy  Disper¬ 
sive  X-ray  Spectroscopy  (EDXS),  the  former  with  an  ac¬ 
curacy  of  ±1%.  The  structure  of  the  films  was  deter¬ 
mined  by  in-situ  X-ray  diffraction  measurements  during 
annealing  at  temperatures  up  to  1250  K  and  also  after 
ex-situ  annealing  at  room  temperature.  From  X-ray  line 
broadening  analysis  we  estimate  the  size  of  the  crystalline 
graines.  According  to  the  X-ray  data  the  as-deposited 
films  have  an  amorphous  structure.  Transport  properties 
(thermopower  5  and  resistivity  p)  were  measured  during 
annealing  of  the  films  in  high-purity  helium  atmosphere. 
By  that  means  we  were  able  to  control  the  phase  for¬ 
mation  and  to  get  immediately  the  transport  properties 
in  correlation  with  the  phase  composition  of  the  films. 
Electrical  resistivity  was  measured  by  conventional  DC 
four-probe  method.  In  case  of  the  thermopower  measure¬ 
ments  the  differential  method  was  used.  Both  properties 
were  measured  simultaneously  during  the  heat  treatment 
of  a  sample  as  functions  of  the  temperature  and  of  the 
annealing  time. 

III.  RESULTS  AND  DISCUSSION 
A.  Stoichiometric  composites 

Since  in  the  films  of  stoichiometric  ReSi2  ratio  be¬ 
tween  Re  and  Si  both  crystalline  and  amorphous  phases 
have  the  same  composition,  no  other  phases  appear  in 
the  course  of  the  crystallization.  Therefore  the  films  can 
be  considered  as  true  binary  mixtures  where  by  anneal¬ 
ing  only  the  ratio  between  these  amorphous  and  nano¬ 
crystalline  conponents  is  changed. 

Effective  Medium  Approximation  (EM A)  is  common¬ 
ly  accepted  as  a  theoretical  basis  for  analysis  of  various 
properties  of  composite  materials.  Applications  of  EMA 
to  describe  the  electrical  resistivity  and  thermopower  are 


reviewed  in  several  papers,  see  for  example  [9,10].  It  has 
been  found  that,  at  least  for  binary  composites,  both  p 
and  5  should  vary  monotonically  with  the  component 
ratio  in  a  composite  and  always  lie  between  the  corre¬ 
sponding  values  of  the  pure  components  [10].  Parameter 
Z  —  S2 f(pK)  (/c  -  thermal  conductivity)  which  detrmines 
the  figure  of  merit  of  a  thermoelectric  energy  converter 
should  be  always  lower  than  that  one  of  the  pure  compo¬ 
nents.  These  theoretical  conlusions  have  been  in  agree¬ 
ment  with  experimental  results  for  a  variety  of  composite 
materials,  including  thin-film  composites  [9,11-13].  Mosjt 
of  the  thin-film  composites  which  have  been  investigated 
are  binary  mixtures  of  an  insulating  (or  semiconducting) 
material  and  of  a  metal.  As  an  example  we  can  mention 
Ge-Al  films  consisting  of  amorphous  Ge  and  crystalline 
Al-particles  (with  typical  size  from  5  to  20  nm)  [12,13]. 


fraction  of  a  component 


FIG.  1.  Variation  of  the  electrical  resistivity  and  ther¬ 
mopower  of  a  binary  compsite  system  according  to  EMA 
(schematically). 

Within  EMA  the  overall  variation  of  the  resistivity  and 
thermopower  can  be  represented  by  so  called  generalized 
effective  medium  equations  [14,15]: 

/•[p^-pF]  |  (i-/)-[p17< -P2;t]  =, 

P1'*  +  pT  ■  /c/(l  -  fc)  P ^  +  pT  ■  fc/(  1  -  fc) 

(1) 

s  _  (5lp2«2  ~  S2PlK1)  +  Kp(S2  -  Si)  ,  . 

K2p2  -  Klpl 

with  /  being  the  volume  fraction  of  component  1,  fc  the 
percolation  threshold  of  component  1,  and  t  the  criti¬ 
cal  exponent  of  the  conductivity.  Fugure  1  schemat¬ 
ically  shows  EMA  predictions  for  both  resistivity  and 
thermopower  of  a  binary  metal-semiconductor  compound 
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with  the  values  of  pure  components  similar  to  the  Re-Si 
system  considered  in  this  paper. 


O 

a 

e 


FIG.  2.  Electrical  resistivity  (O,  on  heating;  *,  on  cooling) 
and  thermopower  (o,  on  heating;  •  ,  on  cooling)  of  the  him  of 
stoichiometric  ReSi2  composition.  The  broken  line  indicates 
the  crystallization  temperature. 


400  600  800  1000 

T.  K 

FIG.  3.  Resistivity  and  thermopower  of  a  single-phase 
ReSi2  thin  film.  The  data  were  obtained  on  heating  (o,  ther¬ 
mopower,  and  v>  resistivity)  and  on  cooling  (•,  thermopower, 
and  A,  resistivity). 


In  Figure  2  the  transport  properties  of  the  stoichio¬ 
metric  film  are  shown  in  dependence  on  temperature. 
The  measurements  were  done  with  a  constant  tempera¬ 
ture  variation  rate  of  2  K/min  on  heating  and  10  K/min 
on  cooling.  The  crystallization  takes  place  at  annealing 
temperatures  of  about  800-850  K.  Complete  crystalliza¬ 
tion  can  be  ac.hived  by  a  long  term  annealing  of  the  film 
at  temperatures  above  1000  K.  The  resistivity  and  ther¬ 
mopower  of  such  a  single-phase  ReSi2  film  are  shown  in 
Fig. 3.  The  film  was  annealed  at  about  1050  K  for  20 
hours.  Good  reproducibility  of  the  results  indicates  the 
stability  of  the  film. 


FIG.  4.  Variation  of  the  electrical  resistivity,  □,  and  ther¬ 
mopower,  •,  with  annealing  time.  The  two  points  after  the 
axis  break  show  p  and  S  for  single-phase  cristalline  film. 

Figure  4  shows  the  variation  of  S  and  p  with  the  an¬ 
nealing  time.  Each  point  in  Fig.  4  represents  the  resis¬ 
tivity  or  thermopower  simultaneously  measured  at  350  K 
after  annealing  the  given  time  t  at  810  K.  At  t“0  the  film 
is  a  single-phase  amorphous  compound.  With  increasing 
annealing  time  the  amount  of  the  crystalline  ReSi2  phase 
increases,  the  film  becomes  a  binary  mixture  consisting 
of  nano-crystalline  ReSi2  phase  and  amorphous  phase  of 
the  same  atomic  composition.  Finally,  at  large  annealing 
times  we  got  again  a  single-phase  film  but  of  crystalline 
ReSi2. 

The  X-ray  measurements  revealed  that  ReSi2  is  the  on¬ 
ly  crystalline  phase  formed  during  annealing.  The  X-ray 
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line  broadening  analysis  yields  information  on  the  crys¬ 
talline  grain  sizes  (d)  in  dependence  on  annealing  tem¬ 
perature.  These  data  are  summarized  in  Table  I  (second 
column). 

In  a  broad  range  of  the  annealing  temperatures  (up  to 
1200  K)  and  annealing  times  the  grain  size  of  the  crys¬ 
talline  phase  in  the  stoichiometric  composites  remains 
constant  of  about  20  nm.  At  the  annealing  temperature 
of  810  K  the  grain  size  remains  constant  within  the  ex¬ 
perimental  uncertainty  of  ±5  nm  throughout  the  whole 
annealing  procedure.  That  means  that  the  crystallization 
progresses  not  due  to  a  growth  of  individual  grains  but 
by  an  increasing  number  of  NC  grains  within  the  amor¬ 
phous  matrix.  This  result  is  in  agreement  with  the  recent 
thermodynamical  analysis  of  the  crystallization  from  an 
amorphous  state  [16]. 

According  to  the  X-ray  data  we  can  consider  the  results 
shown  in  Fig.  4  as  the  composition  dependence  of  the 
resistivity  and  thermopower  of  a  Re-Si  binary  compound 
consisting  of  amorphous  and  nano-crystalline  ReSi2- 

The  non-monotonous  dependences  of  both  p  and  5  are 
in  obvious  disagreement  with  the  predictions  of  EMA 
which  are  schematically  shown  in  Fig.  1.  This  implies 
that  the  interfaces  essentially  effect  the  transport  prop¬ 
erties  of  the  heterogeneous  nano-crystalline  compounds. 
The  microscopic  mechanism  of  this  behaviour  is  not  yet 
known.  We  want  to  emphasize  that  a  trivial  explanation 
of  the  above  result  by  formation  of  interfacial  layer  of  Si 
due  to  a  small  deviation  of  Re/Si  ratio  to  the  Si- rich  side 
should  be  excluded.  We  have  studied  the  films  with  small 
but  certain  deviation  of  the  Re/Si  ratio  to  the  Re- rich 
side  and  found  qualitatively  the  same  non-monotonous 
behaviour  of  resistivity  and  thermopower,  see  Figure  6. 

Useful  information  can  be  obtained  from  transforma¬ 
tions  of  the  resistivity  temperature  dependences  with  an¬ 
nealing.  These  temperature  dependences  are  shown  in 
Fig.  5  in  log10-scale  for  different  stages  of  annealing. 


TABLE  I.  Crystalline  grain  sizes  from  in-situ  X-ray  data 
at  different  annealing  temperatures  Ta- 


Reo.39  5io.61 

Re  0.34  5io.66 

Reo.30  Sio. 

70 

Ttt,  K 

d, 

nm 

d,  nm 

d,  nm 

ReSi  2 

Re 

ReSi2 

ReSi2 

Si 

750 

52a 

- 

- 

- 

- 

800 

51 

- 

- 

- 

- 

850 

58 

- 

- 

15 

- 

900 

69 

- 

24 

14 

- 

950 

50 

22 

17 

15 

- 

1000 

93 

27 

16 

14 

- 

1050 

83 

24 

18 

18 

- 

1100 

190 

48 

22 

17 

- 

1150 

- 

- 

23 

20 

- 

1200 

- 

- 

26 

44 

- 

1250 

- 

- 

37 

- 

- 

1300 

- 

- 

57 

- 

- 

aThis  film  had  been  annealed  ex-situ  at  Ta=870  K  before  the 
in-situ  measurements 
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T1/S,  K1A 

FIG.  5.  The  temperature  dependent  resistivity  at  different 
annealing  stages:  o,  amorphous  him;  □  ,  2  hours  of  annealing; 
*,  3  hours;  +,  8  hours;  broken  line,  47  hours;  dotted  line,  220 
hours,  and  solid  line,  single-phase  crystalline  him. 


T,  K 


FIG.  6.  Temperature  dependent  5  and  p  of  Reo.39Sio.6i 
hlm.o,  5,  and  y,  p  on  heating  (amorphous  him);  •,  5,  and 
O,  p  on  cooling  after  annealing  at  829  K  for  20  hours;  A,  5, 
and  *,  p  on  cooling  after  annealing  at  900  K  for  13  hours. 

As  it  can  be  seen  at  early  stages  of  annealing  the 
log  p(T)  dependences  are  essentially  parallel  to  each  oth¬ 
er.  That  means  that  the  conductivity  mechanism  is  the 
same  for  all  these  films  despite  different  volume  ratios  of 
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the  amorphous  and  nano-crystalline  phases.  Comparison 
with  the  temperature  dependent  resistivity  of  the  single¬ 
phase  films  reveals  that  it  is  nearly  the  same  like  that 
of  the  as-deposited  amorphous  film  but  different  from 
that  of  the  crystalline  one.  Therefore  we  can  suggest 
that  at  the  early  stages  of  annealing  the  nano-crystalline 
phase  does  not  contribute  to  the  conductivity  of  the  film 
beeing  isolated  within  the  amorphous  matrix  by  interfa¬ 
cial  barriers.  In  this  case  the  effective  film  cross-section 
will  decrease  with  increasing  of  the  nano-crystalline  phase 
content. 

The  measured  resistance  of  the  film  is  determined  by 
the  specific  resistivity  of  the  amorphous  phase  para  and 
effective  film  cross-section  Aam : 

R  “  Pam  “7  (3) 

A  am 

where  /  is  distance  between  potential  probes  in  the  re¬ 
sistivity  measurements.  With  increasing  content  of  the 
nano-crystalline  phase  the  apparent  resistivity  of  the  film 
p  will  be  proportional  to  the  amorphous  phase  resistivi¬ 
ty  with  proportionality  factor  ,  where  A  is  the  total 

film  cross-section.  This  gives: 

A  A 

P  =  R-r  =  Pam  - -  (4) 

*  Aam 

and 

l°g(p)  =  log  (-7—)  +  log ( Pam)  (5) 

\  A-am  J 

The  increase  of  the  first  term  in  eqn.  (5)  with  decreasing 
content  of  the  amorphous  phase  results  in  the  observed 
behaviour  of  the  p{ T)  temperature  dependence  at  the 
early  stages  of  the  annealing. 

In  the  measured  temperature  range  the  resistivity  of 
those  films  varies  with  the  temperature  as: 

p(T)  ~  exp “ (6) 

To  our  knowledge  there  is  no  microscopic  theory  to  de¬ 
scribe  such  resistivity  temperature  variation. 

At  later  annealing  stages  (which  corresponds  to  a  larg¬ 
er  amount  of  the  nano-crystalline  phase)  the  resistivi¬ 
ty  starts  to  deviate  from  the  relation  (6).  This  implies 
a  change  in  the  conductivity  mechanism.  The  resistivi¬ 
ty  dependence  on  composition  (Fig.  4)  reveals  that  this 
change  of  the  conductivity  mechanism  takes  place  at  the 
same  composition  where  resistivity  has  its  maximal  val¬ 
ue.  Therefore,  we  can  suggest  that  this  composition 
corresponds  to  the  percolation  threshold  of  the  nano¬ 
crystalline  phase. 

B.  Off-stoichiometric  Compounds 

In  films  with  initial  compositions  different  from  the 
stoichiometric  Re  to  Si  ratio  the  crystallization  is  con¬ 
nected  with  a  diffusion  of  one  of  the  components  to  the 


phase  interfaces.  In  Re-rich  films  the  interfaces  should 
have  an  excess  of  Re  as  compared  with  both  amorphous 
and  crystalline  phases.  The  temperature  dependences 
of  the  resistivity  and  thermopower  of  a  film  with  initial 
composition  Reo.39Sio.6i5  which  has  about  5%  of  Re  ex¬ 
cess,  are  depected  in  Fig.  6.  From  the  transport  proper¬ 
ties  measurements  and  from  X-ray  data  (see  Table  I)  we 
have  found  that  ReSi2  crystallizes  at  800-850  K  whereas 
crystallization  of  Re  was  observed  at  annealing  temper¬ 
atures  of  about  950  K.  The  average  ReSi2  grain  size  is 
somewhat  larger  than  in  stoichiometric  films  (Table  I), 
but  the  Re-rich  films  can  be  still  considered  as  nano¬ 
crystalline.  The  resistivity  and  thermopower  show  the 
same  non-monotonous  variation  in  the  course  of  the  an¬ 
nealing  like  it  was  found  in  case  of  the  stoichiometric 
composites.  This  result  suggests  that  the  scattering  on 
the  interfaces  with  Re-excess  also  effects  the  transport 
properties  and  in  essentially  the  same  way  as  it  was  found 
for  the  stoichiometric  films. 

On  the  Si-rich  side  the  completely  crystallized  films 
are  expected  to  be  composites  of  crystalline  ReSi2  and 
pure  crystalline  Si.  However,  we  have  not  detected  the 
formation  of  the  crystalline  Si  at  annealing  temperatures 
up  to  1250  K  (see  Table  I).  The  reason  probably  is  just 
that  the  amount  of  the  excess  Si  was  below  the  sensitivity 
level  of  the  X-ray  measurements.  The  interfaces  in  this 
case  have  a  Si  excess  and  one  could  suggest  an  enchanced 
influence  of  the  interfacial  scattering  on  the  transport 
properties.  This  was  indeed  found  experimentally  as  it 
can  be  seen  from  Fig.  7  and  Fig.  8  where  thermopower 
and  resistivity  of  amorphous  and  composite  films  with 
different  Si  content  are  shown. 


T,  K 


FIG,  7.  The  temperature  dependent  thermopower  of  amor¬ 
phous  and  nano-crystalline  composite  films.  Reo.33Sio.67:  o, 
amorphous;  □,  composite;  Reo.32  Sio.es :  0,  amorphous;  •, 
composite;  Reo.27Sio.73 :  A,  amorphous;  V?  composite. 
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FIG.  8.  The  temperature  dependent  resistivity  of  amor¬ 
phous  and  nano-crystalline  composite  films.  Reo.33Sio.67:  o, 
amorphous;  □,  composite;  Reo.32Sio.68:  0,  amorphous;  •, 
composite;  Reo.27Sio.73:  A,  amorphous;  v>  composite. 

The  composite  films  were  obtained  by  partial  crystal¬ 
lization  of  the  amorphous  films.  From  Fig.  8  one  can 
find  that  the  crystallization  temperature  is  slightly  de- 
pendend  on  the  Si-content. 
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FIG.  9.  The  temperature  dependent  resistivity  and  ther¬ 
mopower  of  Reo.32Sio.68:  o,  S  partially  crystallized,  •  ,  S  com¬ 
pletely  crystallized;  A,  p  partially  crystallized,  V>  P  complete¬ 
ly  crystallized. 


The  thermopower  reveals  very  interesting  variation 
with  the  Si-content.  At  small  deviation  from  the  stoi¬ 
chiometry  the  thermopower  at  room  temperature  is  pos¬ 
itive  and  increases  with  the  increase  of  Si  concentra¬ 
tion.  The  maximum  of  the  temperature  dependent  ther¬ 
mopower  moves  to  lower  temperatures.  However  at  larg¬ 
er  deviation  from  stoichiometric  composition  the  ther¬ 
mopower  of  the  composite  changes  its  sign  and  shows 
comparatively  large  negative  values.  Complete  crystal¬ 
lization  of  the  composites  results  in  the  thermopower 
and  resistivity  which  are  very  similar  to  the  properties 
of  the  single-phase  ReSi2  film.  Figure  9  depicts  p  and  5 
of  Reo.32Sio.68  composite  before  and  after  complete  crys¬ 
tallization. 

The  microscopic  mechanism  which  could  be  account¬ 
ed  for  the  observed  behaviour  of  the  transport  properties 
of  Re-Si  composites  is  not  known  yet.  Qualitatively  the 
negative  thermopower  of  the  Si-rich  composite  can  be 
understood  on  the  basis  of  an  energy-band  scheme,  pro¬ 
posed  in  [2].  It  is  reasonable  to  suggest  that  in  those 
composites  the  crystalline  ReSi2  grains  are  separated  by 
thin  layers  of  Si.  Due  to  the  nature  of  the  band  bending 
on  the  silicon  side  of  the  Si-ReSi2  junction  [2]  the  tunnel¬ 
ing  probability  for  the  electrons  through  such  structure, 
depicted  in  Fig.  10  could  be  much  larger  than  for  the 
holes.  This  will  result  in  a  large  negative  thermopower 
as  it  is  observed  experimentally.  Basically  similar  struc¬ 
ture  was  considered  in  [17].  It  was  shown  theoretically  in 
[17]  that  in  a  cluster  superlattice  the  dimensionless  Ioffe 
criterion  ZT  can  be  much  larger  than  1. 


FIG.  10.  A  proposed  energy-band  diagramm  for  the 
ReSi2-Si-ReSi2  interface.  If  the  thikness  of  the  Si  layer  is 
small  enough  the  electrons  can  tunnel  through  the  interface, 
whereas  the  holes  can  not,  since  the  effective  barrier  thikness 
is  much  larger  for  them.  The  barrier  height  U&  was  found  in 
[2]  to  be  0.59  eV  but  it  should  be  different  for  different  doping 
levels  of  Si. 
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IV.  CONCLUSION 

We  have  found  that  the  transport  properties  of  ReSi2 
thin  films  consisting  of  amorphous  and  nano-crystalline 
phases  do  not  follow  the  predictions  of  the  Effective  Medi¬ 
um  Approximation.  Contrary,  both  resistivity  and  ther¬ 
mopower  reveal  non-monotonous  variation  with  the  vol¬ 
ume  ratio  of  the  amorphous  to  nano-crystalline  phas¬ 
es.  This  implies  that  the  interfaces  between  the  amor¬ 
phous  and  nano-crystalline  phases  essentialy  influence 
the  transport  properties  of  the  films.  From  the  composi¬ 
tion  variation  of  the  temperature  dependent  resistivity  of 
the  stoichiometric  composites  we  have  concluded  that  be¬ 
low  the  percolation  threshold  the  nano-crystalline  phase 
is  isolated  within  the  amorphous  matrix  by  interfacial 
barriers  and  does  not  contribute  to  the  conductivity  of 
the  film.  The  effect  of  the  interfaces  increases  with  the 
deviation  from  stoichiometric  Re/Si  ratio.  The  energy- 
band  scheme  of  the  interfaces  proposed  for  the  Si-rich 
composites  suggests  that  that  the  thermoelectric  param¬ 
eters  of  such  composites  could  be  much  better  as  com¬ 
pared  with  those  of  the  composite  components. 
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Abstract 

This  paper  reports  on  a  structural  investigation  of  the  ternary 
compound  TiNiSn,  prepared  as  a  thin  film  by  electron  beam 
deposition  of  a  sandwich  structure  comprising  individual 
layers  of  Ti,  Ni  and  Sn.  The  effect  of  annealing  the 
compound  at  800  °C  for  times  up  to  72  hours  was 
investigated.  X-ray  diffraction  revealed  the  formation  of 
TiNi2Sn  after  6  hours  of  annealing.  The  excess  of  Ni  in  the 
deposited  structure  (confirmed  by  EDS)  resulted  in  the  first 
phase  of  TiNiSn  not  being  present  and  a  shift  in  the  lattice 
parameter  of  second  phase  TiNi2Sn. 

Introduction 

In  the  field  of  thermoelectrics,  the  intermetallics  of  the 
MgAgAs-type  crystal  structure  are  a  group  of  materials  with 
unique  properties.  They  are  formed  from  metals,  yet  they 
exhibit  semiconductor  type  properties,  namely  a  small 
bandgap  in  their  electronic  spectrum  [1,2].  They  therefore 
have  the  potential  for  high  temperature  thermoelectric 
applications.  An  intermetallic  alloy  that  has  recently  been 
investigated  is  the  ternary  compound  TiNiSn.  This  compound 
has  a  high  Seebeck  coefficient  of  around  -  300  pVK'1  at 
room  temperature  and  a  negative  temperature  coefficient  of 
electrical  resistivity.  The  figure  of  merit  of  annealed  TiNiSn 
has  been  measured  to  be  O.lxlO'3  K'1  [3].  It  has  been  found 
[4]  that  TiNiSn  has  a  MgAgAs-type  structure  with  symmetry 
F43m.  It  can  be  visualised  as  three  interpenetrating  f.c.c. 
sublattices,  with  Ti,  Ni  and  Sn  atoms  at  the  coordinates 
(000),  (1/4  1/4  1/4)  and  (3/4  3/4  3/4)  respectively.  A 
microstructural  investigation  of  the  bulk  alloy  has  already 
been  performed  [3],  but  to  date  there  has  been  no 
investigation  of  the  thin-film  properties  of  this  alloy.  It  has 
been  shown  [5]  that  thin  film  structures  may  increase  the 
efficiency  of  thermoelectric  devices,  so  it  is  important  to 
understand  the  properties  of  this  alloy  when  confined  to  two 
dimensions.  Due  to  the  unavailability  of  structural  and 
microstructural  information  of  thin  film  TiNiSn  and  its 
phases,  an  analysis  of  this  structure  is  presented  in  this  paper. 

Experimental  Procedure 

Titanium  and  tin  of  purity  99.999%  and  nickel  of  purity 
99.99%  were  individually  evaporated  from  graphite  crucibles 
using  a  2kV  electron  gun  at  a  pressure  of  -  3x1  O'6  mbar.  Sn 
and  Ni  were  deposited  at  a  rate  of  1  As'1  and  Ti  at  a  rate  of 
0.5  As'1.  The  single  crystalline  silicon  substrates  were  placed 
±  23  cm  above  the  evaporation  source.  The  substrates  were 


cleaned  by  rinsing  in  acetone  and  methanol  prior  to  loading 
in  the  vacuum  system. 

Problems  were  experienced  with  the  adhesion  of  the  film  onto 
the  substrate.  Initially,  the  films  were  deposited  on  the 
polished  side  of  a  (100)  silicon  substrate,  but  it  was  found 
that  the  film  peeled  off  after  annealing.  The  samples  that 
were  used  in  this  study  were  deposited  on  the  unpolished  side 
of  a  Si  wafer,  and  it  appears  that  adhesion  is  good  even  after 
annealing.  It  can  be  assumed  that  the  thin  film  will  grow  on  a 
slightly  roughened  surface,  but  further  work  will  need  to  be 
undertaken  to  ascertain  the  condition  of  the  substrate  that 
will  yield  optimum  thin  film  growth. 

The  thin  films  were  grown  in  a  double  sandwich-type 
structure  on  the  Si  substrate.  Each  element  was  sequentially 
deposited  starting  with  Ni,  followed  by  Sn  and  finally  Ti.  The 
thickness  of  each  layer  was  ±0.2  pm,  giving  a  final  thin-film 
thickness  of  ±1.2  pm.  Samples  were  then  annealed  in  an  Ar 
atmosphere  at  800  °C  for  various  times  up  to  72  hours. 

Surface  images  were  obtained  with  a  Philips  XL30  scanning 
electron  microscope  (SEM).  An  EDAX  energy  dispersive 
spectrometer  (EDS)  was  used  to  acquire  compositional 
information.  X-ray  diffraction  was  performed  on  a  Philips 
single  crystal  diffractometer  with  a  Cu  Ka  source. 


Experimental  Results  and  Analysis 
Figures  1  and  2  show  two  SEM  micrographs  of  the  surfaces 
of  the  thin  films.  The  unannealed  surface,  fig.  1,  exhibits  a 
granular  structure,  with  grain  sizes  of  ~  1  pm. 


Fig.  1  SEM  micrograph  of  the  as-deposited  thin  film. 
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Three  particular  peaks  in  the  X-ray  diffraction  spectrum  of 
the  unannealed  sample  were  also  found  in  that  of  the 
annealed  sample.  Two  peaks  at  33.20°  and  35.75°  20  remain 
unidentified,  while  the  peak  at  43.45°  20  is  attributed  to  the 
second  phase  (220)  TiNi2Sn  peak.  Even  after  a  short 
annealing  period  (6  hours),  peaks  corresponding  to  different 

alloys  can  be  identified,  namely  TiNi2Sn,  Ti6Sn3,  NiSn,  Ti3Sn 
and  Ti2Sn.  The  first  three  of  these  peaks  are  indicated  in  fig. 
3(b).  It  is  seen  that  the  peaks  associated  with  the  titanium-tin 
and  nickel-tin  alloys  correspond  well  with  those  given  in 
standard  diffraction  tables. 

Four  specific  peaks  in  fig.  3(b)  are  attributed  to  reflections 
from  the  ternary  Ti-Ni-Sn  alloy.  Their  measured  (hkl)  indices 
are  listed  in  table  1.  From  the  experimental  d-values,  it  is 
found  that  the  lattice  parameter  a*,  is  5.85  ±  0.06  A.  These 
peaks  could  be  attributed  to  the  first  phase  TiNiSn,  but  it 
seems  unlikely  that  this  compound  would  form  with  the  large 
amount  of  nickel  present  in  the  thin  film  (confirmed  by 
EDS).  The  second  phase  TiNi2Sn  is  thus  associated  with 
these  four  peaks.  The  Ti-Ni-Sn  phase  diagram  database  is 
incomplete,  so  the  variation  of  the  lattice  parameter  as  a 
function  of  nickel  concentration  is  still  largely  unknown. 
This  may  explain  the  large  difference  between  the 
experimental  lattice  parameter  obtained  in  this  investigation 
and  that  of  the  stoichiometric  alloy  TiNi2Sn.  The 
experimental  d-values  are  compared  with  those  reported  for 
bulk  TiNi2Sn  [3]  in  table  1.  It  is  also  worth  noting  that  the 
relative  intensities  of  the  four  peaks  are  in  the  same  ratios  as 
those  reported  for  the  bulk  alloy. 


H  1pm 


Fig.  2  SEM  micrograph  of  the  thin  film  after  annealing  at 
800  °C  for  72  hours. 

With  annealing  for  72  hours,  fig.  2,  the  grains  decreased  in 
size  to  less  than  0.5  pm.  EDS  performed  on  the  annealed 
grains  indicated  an  excess  of  Ni.  By  comparison,  the  Ti  and 
Sn  were  found  in  approximately  equal  quantities. 

Fig.  3  depicts  the  differences  between  the  X-ray  diffraction 
spectra  from  the  unannealed  (curve  a)  and  the  annealed 
(curve  b)  structures.  In  the  unannealed  thin  film,  peaks 
corresponding  to  the  elemental  constituents  were  found, 
namely  (200)  0-Sn,  (011)  Ti  and  (111)  Ni.  These  peaks 
disappear  when  the  thin  film  is  annealed  for  6  hours  or 
longer. 


Angle  (20°) 

Ei&.  3  X-ray  diffraction  spectra  for  the  (a)  unannealed,  (b)  72  hour  annealed  thin  film. 
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Table  1:  Comparison  of  interplanar  spacings  of  TiNiSn.  The 
literature  values  for  d  were  reported  in  [3], 


hkl 

d(A) 

Experimental 

d(A) 

Literature 

(111) 

3.33  ±  0.06 

3.49 

(220) 

2.08  ±  0.02 

2.14 

(311) 

1.76  ±  0.02 

1.83 

(400) 

1.48  ±0.01 

1.51 

Finally,  spectrum  (b)  of  fig.  3  was  obtained  after  annealing 
the  alloy  for  72  hours.  Shorter  anneals  were  also  investigated. 
Annealing  for  6  hours  was  sufficient  for  identifying  the 
emergence  of  the  four  peaks  related  to  the  TiNi2Sn.  Longer 
anneals  were  found  to  increase  the  relative  intensities  of  the 
peaks. 

Conclusions 

In  summary,  the  ternary  Ti-Ni-Sn  alloy  has  been  prepared  as 
a  thin  film  structure,  and  analysed  for  the  different  phases 
present.  In  a  Ni  rich  alloy  the  formation  of  the  compound 
TiNiSn  does  not  occur  and  it  is  clear  that  an  annealing  period 
of  72  hours  is  insufficient  for  producing  first  phase  TiNiSn. 
Further  investigations  will  include  the  annealing  time 
required  for  the  first  phase  to  appear  as  a  function  of  nickel 
content,  and  the  growth  of  thin  films  from  a 
stoichiometrically  correct  ratio  of  elements.  Electrical 
measurements  as  a  function  of  annealing  time  will  also  be 
undertaken. 
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Abstract 

The  off-diagonal  Seebeck  voltage  of  oxygen-reduced 
YBa2Cu307  and  Yi_rPrj:Ba2Cu307_<5  thin  films  epitaxi¬ 
ally  grown  on  strontium  titanate  crystals  cut  with  a  tilt  an¬ 
gle  of  20°  between  substrate  surface  and  the  cubic  axis  was 
measured.  A  temperature  gradient  perpendicular  to  the 
film  surface  was  produced  at  room  temperature  by  expo¬ 
sing  the  films  to  UV  radiation  pulses.  The  transverse  See¬ 
beck  voltage,  i.e.  the  voltage  parallel  to  the  film  surface, 
which  results  from  the  temperature  gradient  perpendicular 
to  it,  was  measured  for  varying  oxygen  content  and  Pr  do¬ 
ping  of  the  YBa2Cu307_(5  thin  films.  The  oxygen  content 
of  the  YBa2Cu307-,5  thin  films  was  reduced  from  6  ~  0  to 
<5  ~  0.5.  It  is  shown  that  a  reduction  of  the  oxygen  content 
causes  a  decrease  of  the  off-diagonal  Seebeck  voltage.  The 
same  effect  is  observed  for  the  Yi^arPrrBa2Cu307-5  (z  = 
0.1,  0.2,  0.3)  thin  films,  i.e.  raising  the  partial  substitution 
of  Y  by  Pr  results  in  a  smaller  Seebeck  voltage.  These  re¬ 
sults  suggest  that  both,  oxygen  reduction  and  Pr  doping, 
have  the  effect  of  making  YBa2Cu307-*  less  anisotropic 
with  respect  to  the  thermopower.  On  the  other  hand,  re¬ 
sults  of  resistivity  measurements  of  YBa2Cu307_(5  with 
different  values  of  <5  suggest  that  the  anisotropy  increases 
when  oxygen  is  removed.  A  microscopic  model  for  an  ex¬ 
planation  of  the  different  behaviours  of  the  thermopower 
and-  the  resistivity  is  still  lacking.  We  also  have  measured 
the  transverse  Seebeck  voltage  of  YBa2Cu307_,5  (6  ~  0.06 
and  0.19)  from  Tc  to  room  temperature.  From  this  we  can 
conclude  that  Sc  of  YBa2Cu307-^  (5  ~  0.06  and  0.19) 
increases  linearly  with  temperature,  i.e.  Sc  shows  metallic 
behaviour. 


Introduction 

After  various  groups  had  observed  giant  voltaic  signals  of 
laser  irradiated  YBa2Cu307  thin  films  [1,  2,  3],  the  origin 
of  this  effect  remained  a  puzzle  for  a  few  years.  Finally, 
it  was  shown  [4,  5]  that  in  YBa2Cu307  thin  films  one  has 
measured  for  the  first  time  the  transverse  Seebeck  effect. 
Establishing  a  temperature  gradient  on  an  anisotropic  ma¬ 
terial  leads  to  a  thermoelectric  voltage,  which,  in  general, 
is  not  parallel  to  the  temperature  gradient: 

E  —  SVT.  (1) 

If  the  Seebeck  tensor  S  is  of  the  follwoing  form  (as  it  is 
the  case  for  YBa2Cu307  thin  films  grown  on  strontium  ti¬ 
tanate  crystals  cut  with  a  tilt  angle  between  the  substrate 


surface  and  the  cubic  axis) 


then  a  temperature  gradient  in  the  ^-direction  results  in 
an  electric  field  in  the  x-direction 

EX  =  SXZ  (3) 

Assuming  a  constant  temperature  gradient  one  finds  a 
transverse  thermoelectric  voltage: 

U  =  Uin(2a)ASAl4  (4) 

l  a 

where  AS  =  Sab  —  5C.  In  this  equation  an s  the  tilt  angle, 
/  is  the  dimension  of  the  film  along  the  x-direction  and  d 
is  its  thickness.  Sab  and  Sc  are  the  Seebeck  coefficients  of 
YBa2Cu307_a  perpendicular  and  parallel  to  the  c-axis  of 
the  unit  cell,  respectively.  It  is  the  factor  l/d  which  gi¬ 
ves  a  large  Seebeck  voltage  even  for  rather  small  AT  and 
AS.  This  effect  is  now  exploited  for  the  use  of  epitaxially 
grown  YBa2Cu307  thin  films  with  tilt  angles  up  to  20° 
as  fast  thermoelectric  detectors  for  radiation  from  UV  to 
FIR  wavelengths.  For  very  thin  films  the  response  is  < 
Ins  in  the  UV  and  ~  5ns  in  the  FIR.  Because  of  the  wa¬ 
velength  dependent  reflectivity  the  sensitivity  of  the  films 
varies  between  0.5  V/MW  and  20  V/MW. 

For  two  reasons  further  investigations  of  the  transverse 
Seebeck  effect  in  YBa2Cu307-6  seem  worthwhile.  First, 
one  might  hope  to  increase  the  sensitivity  of  the  detector 
by  appropriate  doping,  which  is  difficult,  however,  because 
until  now  their  exists  no  consistent  model  for  the  trans¬ 
port  properties  of  the  high  temperature  superconducting 
material  YBa2Cu307-(5.  This  already  gives  the  second  re¬ 
ason  for  further  investigating  the  transverse  Seebeck  effect 
in  YBa2Cu307_<5.  For  an  understanding  of  the  thermo¬ 
power  in  YBa2Cu307_<5  it  is  necessary  to  have  reliable 
data  about  the  Sc  component  of  the  thermopwer.  But 
their  are  only  few  measurements  of  this  Seebeck  coeffi¬ 
cient.  The  reason  being  that  this  material  has  the  pro¬ 
perty  to  grow  preferably  along  the  (a,  6)-plane,  so  sample 
dimensions  along  the  c-direction  are  usually  very  small. 
The  transverse  Seebeck  effect  can  now  be  used  to  fill  this 
gap.  Since  the  measured  transverse  thermoelectric  volta¬ 
ge  is  proportional  to  AS  (Eq.  (4)),  and  since  there  exist 
many  publications  about  the  value  of  Sab  [6,  7,  8],  it  is 
possible  to  receive  more  information  about  Sc •  It  should 
be  noted  that  measurements  of  the  thermoelectric  power 
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(TEP)  in  polycrystalline  samples  of  the  high-Tc  supercon¬ 
ducting  cuprates  (HTSC)  just  give  the  (o,6)-plane  TEP 
[8]. 

The  original  compound  YBa2Cu307-«5  exists  in  two  mo¬ 
difications.  The  first  is  the  orthorhombic  phase  which  is 
observed  for  7-6  >  6.4.  The  second  is  the  tetragonal  pha¬ 
se  which  is  stable  for  values  of  7-6  between  6.4  and  6.0. 
YBa2Cu307-*  has  a  typical  layered  perovskite-like  struc¬ 
ture  with  the  Cu02  planes  separated  by  a  layer  of  Y  ions 
which  are  bounded  by  the  layers  Ba-04,  Cul-Ol,  and  Ba- 
04  (see,  e.g.,  [9]).  The  oxygen  02  and  03  are  strongly 
coupled  with  Cu2  in  the  Cu02  planes,  unlike  the  weakly 
coupled  oxygen  01  in  the  Cul-01  chains.  Upon  heating, 
the  latter  readily  leaves  the  sample.  This  property  allowed 
us  to  vary  the  oxygen  content  of  YBa2Cu307-a  between 
<5  ~  0  and  6  ~  0.5. 

It  is  most  likely  that  both  the  normal  and  superconducting 
properties  of  the  layered  high  Tc  cuprates  are  dominated 
by  the  charge  and  spin  dynamics  in  the  Cu02  planes.  Now 
the  density  of  charge  carriers,  i.e.  the  density  of  the  ho¬ 
les,  in  the  Cu02  plane  is  directly  correlated  to  the  oxygen 
content  of  the  sample.  Since  the  oxygen  01  in  the  Cul- 
Ol  chains  has  a  valency  of  -2,  the  removal  of  oxygen  can 
either  reduce  Cul  or  remove  holes  from  the  conducting 
planes  via  a  charge  transfer  mechanism.  Therewith  the 
transport  properties  of  the  Cu02  planes  depend  strongly 
on  the  amount  of  oxygen  doping.  Despite  the  assumpti¬ 
on  that  the  transport  properties  of  the  HTSCs  are  mainly 
dominated  by  the  Cu02  planes,  studies  of  c-axis  transport 
and  coupling  between  the  Cu02  planes  are  also  important. 
First,  it  is  far  from  clear  which  role  is  played  by  the  in¬ 
terlayer  coupling  for  superconductivity.  Second,  there  are 
several  unresolved  questions  concerning  c-axis  transport. 
It  is  not  understood,  for  example,  why  the  c-axis  resistivi¬ 
ty  pc  changes  exponentially  with  doping  in  YBa2Cu307-<5 
and  why  it  shows  semiconducting  behavior  for  6  >  0.1  [10]. 

Experimental  Procedure 

Thin  films  of  the  composition  Yi_rPrrBa2Cu307_^  (x  ~ 
0,  0.1,  0.2,  0.3)  were  prepared  by  pulsed  laser  deposti¬ 
on  using  a  synchronous  velocity  filter  [11].  The  pulsed 
laser  deposition  technique  is  very  suitable  to  evaporate 
multicomponent  materials  stoichiometrically.  So  the  va¬ 
riation  of  the  Pr  concentration  was  simply  accomplished 
by  using  targets  with  the  appropriate  composition.  The 
oxygen  content  of  the  YBa2Cu3C>7  films  was  reduced  by 
heating  the  sample  in  flowing  oxygen  (po2  —  10”3  mbar) 
at  a  temperature  of  about  250°C.  The  reduction  of  oxy¬ 
gen  was  almost  propotional  to  the  heating  time.  In  this 
way  we  received  YBa2Cu307-a  films  with  6  ~  0.25,  0.30, 
0.35,  and  0.50.  The  superconducting  transition  width, 
which  is  a  measure  for  the  homogeneity  of  the  samples, 
was  about  2K.  The  oxygen  content  was  estimated  by  mea¬ 
suring  Tc  and  comparing  the  measured  values  with  a  plot 
of  Tc  against  oxygen  content  [9] .  For  generation  of  a  tem¬ 
perature  gradient  perpendicular  to  the  film  surface  the 
films  were  at  room  temperature  exposed  to  UV  radiation 


(A  =  308nm,  pulse  duration  33ns).  The  thickness  of  the 
films  was  about  400nm  and  their  lateral  dimensions  were 
10x10mm2.  The  tilt  angle  was  20°.  Electrical  contacts 
from  the  thin  films  to  SOD  coaxial  cables  were  made  by 
evaporating  thin  gold  stripes  on  the  appropriate  edges  of 
the  films  and  by  attaching  copper  contacts  to  these  gold 
stripes.  Voltage  signals  were  recorded  with  a  digital  sto¬ 
rage  oscilloscope. 

Results  and  Discussion 

In  Fig.l  the  dependence  of  the  transverse  thermoelectric 
voltage  on  the  oxygen  content  is  shown.  As  one  can  see, 


Fig.  1:  Thermoelectric  signal  of  Yj5a2C,«307-6  thin  films 


Fig.  2:  Thermoelectric  signal  of  Yi_;rPrrBa2Cu307_$ 
thin  films 

the  magnitude  of  the  signal  decreases  monotonously  with 
decreasing  oxygen  content.  For  <5  ~  0.5  it  is  only  one  third 
of  its  maximum  value  at  6  ~  0.  So  the  anisotropy  of  the 
Seebeck  coefficient  is  diminished  upon  oxygen  reduction. 
If  we  take  for  AS  a  value  of  about  30  /iV/K  at  6  ~  0  [12] 
and  take  into  account  that  the  value  of  Sab  changes  from 
about  0  //V/K  for  6  ~  0  to  about  30  pN /K  for  6  ~  0.5  [7], 
it  may  be  concluded,  that  Sc  does  not  depend  strongly  on 
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the  oxygen  content.  We  estimate  that  it  only  changes  by 
an  amount  of  about  10  pV  / K. 

For  the  substitution  of  Y  by  Pr  the  following  description 
is  given  [13].  When  trivalent  Y  is  replaced  by  Pr  then  ho¬ 
les  of  the  Cu02  plane  are  transfered  to  the  Pr-sites,  the 
hole  concentration  in  the  Cu-0  chains  remaining  unaffec¬ 
ted  by  the  Pr  substitution.  The  reason  for  a  hole  transfer 
from  the  Cu02  planes  to  the  Pr  ions  is  the  hybridisati¬ 
on  of  the  4/-Pr  orbital  with  the  neighbouring  0  orbitals 
which  binds  doped  holes  to  the  Pr  sites.  This  leads  to  the 
existence  of  Pr4+  ions,  whereas  Y  has  a  valence  of  3+.  So 
in  both  cases,  O  reduction  and  Pr  doping,  the  hole  con¬ 
centration  in  the  Cu02  planes  is  decreased.  This  explains 
the  increase  of  the  Seebeck  coefficient  Sab  when  O  is  re¬ 
moved  from  YBa2Cu3C>7-*  or  Pr  is  doped.  In  Fig. 2  the 
transverse  Seebeck  voltage  of  Yi„xPra;Ba2Cu307_5  (x  = 
0,  0.1,  0.2,  0.3)  is  shown.  It  is  seen  that  raising  the  substi¬ 
tution  of  Y  by  Pr  up  to  30%  causes  the  voltage  to  decrease 
by  one  third  of  its  maximum  value  at  z=0.  From  the  da¬ 
ta  published  by  Gonsalves  et  al.  [14]  we  estimate  that 
Sab  increases  from  0  /xV/K  for  x  =  0  to  about  10  /xV/K 
for  x  =  0.3,  suggesting  that  Pr-doping  also  does  not  have 
much  influence  on  the  value  of  Sc .  So  it  is  shown  that  neit¬ 
her  O  reduction  nor  Pr  doping  change  Sc  very  much.  This 
observation  suggests  that  the  value  of  Sc  does  not  depend 
strongly  on  the  hole  concentration  in  the  Cu02  plane.  We 
emphasize  this  observation,  since  it  is  quite  different  from 
the  results  which  were  obtained  from  resistivity  measu¬ 
rements  [15].  The  in-plane  and  out-of-plane  resistivities 
of  YBa2Cu307-6  were  measured  for  6  —  0.07,  0.13,  and 
0.18.  It  was  found  that  the  magnitude  and  temperature 
dependence  of  the  in-plane  resistivity  pab  do  not  change 
very  much  when  oxygen  was  removed  from  6  ~  0.07  to 
6  ~  0.18.  The  temperature  dependence  remained  metallic 
and  the  magnitude  only  raised  by  a  factor  of  two.  Quite 
surprisingly,  the  out-of-plane  resistivity  showed  a  rather 
remarkable  change  in  temperature  dependence  as  well  as 
in  magnitude:  for  high  hole  concentration  the  temperature 
dependence  shows  metallic  behavior  whereas  at  lower  hole 
concentration  the  T-dependence  is  semiconductor-like.  At 
the  same  time  the  magnitude  of  pc  increases  by  a  factor 
of  about  7.  So  the  anisotropy  in  the  resistivity  is  stron¬ 
gly  enhanced  by  O  reduction.  This  is  not  the  case  for 
the  thermopower.  The  anisotropy  of  this  tranport  proper¬ 
ty  is  decreased  when  oxygen  is  removed.  These  different 
behaviors  of  the  thermopower  and  resistivity  are  quite  re¬ 
markable,  and  until  now  we  do  not  have  an  explanation 
for  this  different  behavior. 

In  Fig. 4  and  Fig. 3  the  temperature  dependence  of  the  ther¬ 
moelectric  signal  of  YBa2Cu307_5  is  shown  for  6  =  0.06 
and  S  —  0.19,  respectively.  Here  the  values  for  <5  were 
calculated  from  the  relationship  [16] 

(5  =  7  —  (12.771  —  c) /0. 1557  .  (5) 

The  value  c  for  the  dimension  of  the  unit  cell  in  z-direction 
was  obtained  from  the  (00/)-reflections  of  the  measured 
XRD  spectrum.  The  values  of  6  (0.06  and  0.19)  are  in 
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Fig.  3:  Thermoelectric  signal  of  YBa2Cu306.94 
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Fig.  4:  Thermoelectric  signal  of  YBa2Cu306.8i 

good  agreement  with  the  measured  transition  temperatu¬ 
res  ( Tc  =  91.4K  and  Tc  =  90. OK).  The  observed  decrease 
of  the  signal  with  decreasing  temperature  is  expected  from 
earlier  published  data  about  the  temperature  dependence 
of  the  in-plane  and  out-of-plane  components  of  the  See¬ 
beck  tensor.  For  <5  ~  0  Sab  is  approximately  independent 
of  temperature,  whereas  for  6  =  0.19  Sab  increases,  sho¬ 
wing  a  peak  at  T  ~  100K  [7].  Sc  decreases  almost  linearly 
with  temperature  for  <5  ~  0  as  was  measured  by  [12]. 

The  temperature  dependence  of  Sab  was  and  still  is  the 
focus  of  much  debate.  Especially  the  peak  of  Sab  in  the 
range  Tc  <  T  <  150A  has  attracted  much  attention.  The 
height  of  the  peak  and  its  width  increases  with  decrea¬ 
sing  oxygen  content.  Also  the  position  of  this  peak  shifts 
to  higher  temperatures  with  increasing  6.  This  behavi¬ 
or  of  Sab  of  YBa2Cu307-<5  is  rather  different  from  the 
other  HTSCs.  There,  for  example,  also  exists  a  peak  in 
the  temperature  dependence  of  the  in-plane  component 
of  the  thermopower.  This  peak,  however  is  not  shifted 
for  different  dopings.  Cohn  et  al.  [17]  have  measured 
the  Sa  and  Sb  components  of  YBa2Cu3C>7-6  separately. 
Their  measurements  reveal  that  Sa  shows  the  same  tem¬ 
perature  dependence  as  the  in-plane  thermopower  of  the 
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other  HTSC  materials,  whereas  the  temperature  depen¬ 
dence  of  Sb  is  very  different  from  thht.  They  argue  that 
Sa  is  solely  influenced  by  the  electronic  properties  of  the 
Cu02-planes,  whereas  the  component  of  the  thermopower 
in  the  6-direction  is  also  affected  by  the  Cu-0  chains  in  this 
direction.  So  the  difference  in  the  temperature  behavior 
of  Sab  of  YBa2Cu307_<5  and  the  other  HTSC  materiels, 
which  do  not  posses  the  Cu-0  chain,  but  otherwise  have  a 
similar  structure  as  YBa2Cu307-*,  may  be  explained  by 
the  additional  Cu-0  chains  in  YBa2Cu307-a-  An  argue- 
ment  against  this  conclusion  might  be  that  this  peak  seen 
in  the  temperature  dependence  of  Sab  also  shifts  to  higher 
temperatures  when  YBa2Cu307-<5  is  doped  with  Pr  [14]. 
As  already  mentioned,  it  was  found  that  in  this  case  the 
charge  redistribution  only  takes  place  between  the  doped 
Pr  atoms  and  the  Cu02  planes,  the  Cu-0  chains  remaining 
unaffected.  To  decide  whether  the  doping  dependence  of 
the  temperature  at  which  the  peak  in  the  temperature  de¬ 
pendence  of  Sab  is  located,  is  related  to  the  Cu-0  chains  or 
to  the  Cu02  planes  or  to  both,  it  would  be  interesting  to 
measure  the  Sa  and  Sb  components  of  YBa2Cu3C>7-6  for 
different  oxygen  and  Pr  doping.  The  peak  in  the  tempera¬ 
ture  dependence  of  Sab  has  been  attributed  to  a  variaty  of 
different  mechanisms  [18,  19].  For  example,  the  most  re¬ 
cent  explanation  for  the  behavior  of  Sab  in  YBa2Cu307-<5 
is  given  by  Tallon  et  al  [18].  They  argue  that  the  enhan¬ 
cement  of  Sab  results  from  the  opening  of  an  energy  gap 
in  the  normal  state  excitation  spectrum.  Because  of  this 
energy  gap,  which  decreases  with  increasing  hole  concen¬ 
tration,  the  transport  scattering  spectrum  is  changed  in 
such  a  way  that  the  TEP  is  enhanced  below  a  tempera¬ 
ture  Tg  ~  Eg/k J3-  So  with  this  model,  both  the  increasing 
peak  and  its  shift  to  higher  temperatures  for  decreasing 
oxygen  content  might  be  explained  by  this  energy  gap. 

The  peak  in  the  temperature  dependence  of  Sab  may  also 
be  seen  in  the  temperature  dependence  of  the  transver¬ 
se  thermoelectric  signal.  In  Fig. 4  the  signal  decreases 
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Fig.  5:  Temperature  dependence  of  the  Seebeck  coefficient 
Sc  of  YBa2Cu30e.94  according  to  [7] 

more  sharply  at  T=150K,  which  is  even  more  pronounced 
in  Fig. 3.  This  change  in  slope  might  be  attributed  to  the 
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Fig.  6:  Temperature  dependence  of  the  Seebeck  coefficient 
Sc  of  YBa2Cu30e.8i  according  to  [7] 

peak  seen  in  the  temperature  dependence  of  Sab •  But  what 
prohibits  an  unambiguous  attribution  of  this  downturn  in 
the  temperature  dependence  to  the  peak  seen  in  Sab  are 
the  observations,  that  first,  the  position  of  this  downturn 
is  the  same  for  6  =  0.06  and  6  ~  0.19.  Second,  the  tem¬ 
perature,  where  the  steps  are  located  in  both  cases,  is  too 
high.  We  took  the  data  measured  for  Sab  by  Cooper  et  al. 
[7]  for  8  ~  0.05  and  8  ~  0.18  to  obtain  plots  of  Sc  against 
T  for  6  ~  0.05  and  8  ~  0.19  (Figs. 5  and  6).  As  can  be  seen 
the  temperature  dependence  of  Sc  is  approximately  linear. 
To  obtain  a  clearer  picture  of  the  temperature  dependence 
of  the  transverse  thermoelectric  signal  on  one  side  and  the 
temperature  dependence  of  Sab  and  Sc  on  the  other  side, 
further  measurements  of  the  transverse  Seebeck  voltage 
for  different  oxygen  doping  are  currently  under  way. 

Conclusions 

In  summary,  we  report  a  decreasing  anisotropy  between 
the  in-plane  and  the  out-of-plane  thermoelectric  power  of 
YBa2Cu307_<5  with  decreasing  oxygen  content  and  increa¬ 
sing  Pr  doping.  This  behavior  is  very  much  different  from 
that  of  the  resisitivity,  which  indicates  a  marked  enhan¬ 
cement  of  anisotropy  when  the  oxygen  content  and  there¬ 
with  the  hole  concentration  in  the  Cu02  planes  is  reduced. 
The  different  behaviors  of  the  thermopower  and  the  resi- 
sivity  are  quite  unusual,  since  in  a  metal,  for  example,  one 
would  expect  a  similar  behavior  of  these  transport  proper¬ 
ties  upon  variation  of  the  concentration  of  charge  carriers. 
From  the  temperature  dependence  of  the  transverse  ther¬ 
moelectric  power  of  YBa2Cu307-«5  it  is  concluded  that  Sc 
decreases  approximately  linearly  with  temperature  with 
a  slightly  enhanced  downturn  at  a  temperature  of  about 
150K. 
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Abstract 

Experimental  data  on  the  phase  formation  process  of 
amorphous  IrxSii_x  thin  films  for  thermoelectric  applications 
are  presented.  The  composition  x  varies  between  0.30  and 
0.40.  The  phase  formation  process  at  temperatures  from 
300K  up  to  1223K  was  investigated  by  means  of  X-ray 
diffraction.  Distinct  phases  were  observed  at  the  final  stage  in 
dependence  on  the  initial  composition:  Ir3Si4>  Ir3Si5,  and 
IrSi3.  The  structure  of  the  Ir3Si5  phase  varies  in  dependence 
on  the  chemical  composition  of  the  layer.  The  electrical 
resistivity  of  the  as-deposited  and  of  annealed  at  T=973K  and 
T-1073K  layers  was  measured  at  room  temperature  and  in 
low  temperature  range. 

Introduction 

In  recent  years  the  semiconducting  compounds  of  the 
transition  metal  silicides  found  increasing  interest  as 
materials  for  high  temperature  applications  in 
thermolectricity  [1],  photovoltaics  [2]  and  infrared  optics  [3]. 
Several  promising  compounds  have  been  investigated,  among 
others  p-FeSi2,[4]  Ru2Si3[5]  MnSii.75[6]  and  CrSi2[7].  The 
system  Ir-Si,  however,  has  been  studied  much  less  until  now. 
In  [8]  the  phase  diagram  and  electrical  behaviour  of  the 
silicon-rich  iridium  silicide  compounds  have  been 
investigated  in  bulk  material.  Only  six  distinct  phases  could 
be  identified  by  microprobe  analysis  and  X-ray  diffraction: 
IrSi,  Ir4Si5,  Ir3Si4,  and  orthorhombic  and  monoclinic  IrSi3 
with  metal-like  resisitivity,  and  the  semiconducting  Ir3Si5. 
According  to  Korst  et  al.  [9]  the  structure  typ  of  IrSi  is 
equivalent  to  MnP.  Engstrom  et  al.  [10,11]  determined  the 
crystal  structure  of  Ir3Si4  (orthorhombic)  and  Ir3Si5 
(monoclinic)  by  single-crystal  X-ray  diffraction  studies .  They 
showed  the  structure  typ  of  Ir4Si5  to  be  Rl^Sis.  [10].  The 
structure  of  orthorhombic  and  monoclinic  IrSi3  is  polymorph 
with  the  hexagonal  iridium  trisilicide  also  determined  by 
means  of  single  crystal  X-ray  diffraction  [12].  The  existence 
of  other  compounds  such  as  Ir2Si3  [13,14],  Ir4Si7  [15,16], 
and  IrSi2[17]  has  been  suggested,  but  could  not  confirmed  in 
further  studies  [8].  Allevato  and  Vining  [18]  investigated  the 
thermoelectric  properties  of  semiconducting  iridium  silicides 
using  Pt  and  Os  as  dopants  and  determined  estimates  of 
power  factor  values  around  5.2  pW/cm  K  and  dimensionless 
figure  of  merit  ZT  values  up  to  0.1.  Most  of  the  work  about 
thin  films  was  done  in  Ir/Si  couples  in  connection  with  the 


application  of  iridium  silicides  as  Schottky  barriers  [19]. 
Schumann  et  al.  [20]  report  about  first  investigations  of  phase 
formation,  electrical  and  optical  properties  of  sputtered  Ir-Si 
films  in  a  broad  composition  range  around  Ir3Si 5.  However, 
the  phase  formation  process  in  such  layers  was  not 
understood  completely.  The  thermoelectric  properties  can  not 
be  estimated  because  doping  effects  have  not  been  studied. 
The  aim  of  this  paper  is  to  investigate  the  layer  structure  of 
binary  IrxSii.x  thin  films  during  annealing  process  and  to 
find  correlations  with  the  electrical  resistivity  and  its 
temperature  coefficient. 


Experimental 
Preparation  technique 

The  films  were  prepared  by  a  magnetron  co-sputtering  from 
two  targets,  an  IrSix.75  target  prepared  by  sintering  and  a 
high  purity  monocrystalline  Si  target  onto  Si  substrates  with 
intermediate  lpm  thick  SiC>2  layer  to  prevent  a  reaction  of 
the  film  with  the  Si-substrate. 

The  deposition  chamber  was  a  cryopumped  vacuum  system, 
the  unheated  substrates  were  arranged  on  a  disk  carrying  out 
a  rotating  motion  relative  to  the  two  sputtering  sources.  The 
deposition  conditions  -  power  ratio  N(Si)/N(IrSii.75)  and  film 
thickness  d  -  the  electrical  parameters  of  the  film  -  resistivity 
p  and  its  temperature  coefficient  TCR  -  and  the  chemical 
composition  of  the  as  deposited  layers  are  given  in  Table  1. 

Structure  investigations 

The  phase  formation  process  of  the  films  during  annealing 
was  investigated  in-situ  by  means  of  high  temperature  X-ray 
diffractometry.  The  measurements  were  done  using  a  Philips 
X’Pert  diffractometer  PW3050  equipped  with  a  Biihler 
HDK2.4  high  temperature  chamber  (see  [21]  for  details). 
Diffraction  patterns  were  recorded  using  CoKa  radiation  (k 
=0.17889nm)  from  a  long-fine-focus  tube  together  with  a 
graphite  secondary  monochromator.  In  order  to  maximize  the 
signal  level  from  the  film  and  to  minimize  sample 
displacement  errors,  all  high  temperature  measurements  were 
recorded  in  parallel  beam  geometry  with  a  fixed  incidence 
angle  of  4°.  The  samples  were  annealed  in  vacuum 
(p<10  3  Pa)  from  room  temperature  up  to  1223K. 
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Table  l 


Sample  parameters  of  investigated  films 


No. 

N(Si)/ 
N(IrSi|  75) 

d  /  run 

p(300K)/ 

pHcm 

TCR/ 

ppm/K 

c(Si)  / 
at% 

1 

0.25 

170 

1890 

-1662 

60 

2 

0.38 

182 

2340 

-1905 

61 

3 

0.45 

206 

2565 

-2018 

63 

4 

0.50 

210 

2645 

-2079 

64 

5 

0.55 

210 

2735 

-2137 

65 

6 

0.60 

206 

2841 

-2171 

66 

7 

0.65 

196 

2786 

-2196 

66 

8 

0.70 

185 

2913 

-2197 

67 

9 

0.75 

180 

2790 

-2212 

68 

10 

0.80 

190 

2804 

-2215 

68 

11 

0.88 

174 

2900 

-2189 

70 

Temperature  measurement  was  done  by  means  of  a 
W-5%Re/W-26%Re  thermocouple.  Temperature  scale  was 
calibrated  by  reference  to  known  phase  transitions  in  powder 
samples  of  materials  prepared  on  the  surface  of  the  silicon 
substrate.  For  analyzation  of  the  crystallized  state,  accurate 
Bragg-Brentano  diffraction  patterns  were  recorded  ex-situ  at 
room  temperature. 

Additionally,  RBS  measurement  were  carried  out  in  order  to 
determine  the  chemical  composition  of  the  as-deposited  and 
the  annealed  layers.  For  this  purpose  the  films  were  prepared 
on  glassy  carbon  substrates.  TEM  investigations  of  choosen 
layers  deposited  on  NaCl  carriers  were  carried  out  in  order  to 
determine  residual  phases  with  small  concentrations.  For 
this  an  analytical  transmission  electron  microscop  CM20FEG 
(Philips)  was  used. 

Transport  measurements 

The  electrical  conductivity  was  measured  by  means  of  a 
conventional  four  point  d.c.  technique.  The  measurement 
structures  were  obtained  by  a  photolithographic  lift-off 
technique.  Electrical  resistivity  of  as-deposited  and  annealed 
at  973K  and  at  1073K  layers  was  measured  as  a  function  of 
temperature  in  low  temperature  range. 


Results  and  discussion 

In  Table  1  the  investigated  IrSi  films  are  listed  and 
characteristic  sample  parameters  are  given.  In  dependence  on 
the  ratio  N(Si)  /  NflrSi^)  of  the  sputtering  power  used  for 
the  two  targets  the  Si  concentration  varies,  which  is 
connected  with  an  increase  of  resistivity  p(300K)  and  of  the 
value  of  its  temperature  coefficient  TCR(300K). 

Phase  formation 


All  as-deposited  films  show  in  the  X-ray  diffraction  patterns 
two  broad  reflections  at  d=  1.98  A  and  d=  3.17  A,  i.e.  they 
have  amorphous  structure.  The  X-ray  diffraction  patterns 
recorded  up  to  temperatures  slight  lower  than  the 
crystallization  temperature  are  identical,  which  means,  that 


no  structural  changes  were  detectable  with  the  X-ray 
diffraction  method.  Start  of  the  crystallization  process  was 
observed  at  Tcryst=  970  K  ±  10K  independent  of  the  chemical 
composition  of  the  layers.  The  layers  were  completely 
crystallized  increasing  the  temperature  a  few  degress  above 
the  crystallization  temperature  only. 


Fig.l  X-ray  diffraction  patterns  of  sample  3  recorded  at  T= 
817K,  938K,  978K,  1060K,  1141K,  and  1223K.  (CoKa- 
radiation).  The  marked  reflections  are  obviously  caused  by  an 
unknown  metastable  phase. 


Fig.  1  gives  the  X-ray  diffraction  patterns  of  layer  No.  3  in 
dependence  on  the  temperature.  As  a  result  of  the 
crystallization  process  monoclinic  Ir3Si5  was  formed.  In 
addition  the  marked  at  Fig.  1  reflections  were  observed.  We 
suggest  them  to  be  caused  by  a  metastable  phase  with  a 
monoclinic  primitive  unit  cell,  a=6.180A,  b=2.242A, 
c=4.849A,  and  P=T00.12°.  After  increase  the  temperature  up 
to  1141K  the  fi^Sif  reflections  only  remained.  This  typ  of 
crystallization  process  characterized  by  an  intermediate  state 
above  the  crystallization  temperature  was  obtained  at  samples 
No  2  ,3  and  4,  which  corresponds  to  Si  concentration  of  61% 
to  64%. 

In  the  other  samples  the  crystalline  state  formed  at  the 
crystallization  temperature  was  stable  up  to  the  highest 
observed  temperature  of  1223K. 
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Fig.2:  Phase  composition  of  Ir*Sii-x  thin  films  in  dependence 
on  Si-concentration  and  annealing  temperature 
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Distinct  phases  were  observed  at  the  final  stage  in 
dependence  on  the  initial  composition:  in  the  region  0.40  >  x 
>  0.37  Ir3Si4  and  Ir3Si5,  in  the  region  0.37  >  x  >  0.34  lr3Si3 
only,  and  in  the  region  0.34  >  x  >  0.30  Ir3Si5  and  IrSi3  (see 
Fig  2). 

Structure  of  InSis 

The  Bragg-Brentano  X-ray  diffraction  patterns  recorded  after 
annealing  at  room  temperature  were  analyzed  by  the  Rietveld 
method  [22]  fitting  the  whole  diffraction  pattern  on  the  basis 
of  the  crystal  structure  of  the  phases  formed  in  the  layer.  For 
the  calculations  we  used  the  DBWS9006-program  [23] 
modified  for  the  application  to  thin  film  patterns  [24].  The 
structure  data  determined  by  Engstrom  et  al.  [11]  were  used 
as  start  parameters  in  the  fit  procedure. 


Fig.  3:  Rietveld  plot  of  sample  6  annealed  up  to  T=1223K. 
The  upper  trace  illustrates  the  observed  data  as  dots,  while 
the  calculated  pattern  is  shown  by  the  solid  line;  the  lower 
train  is  a  plot  of  the  difference,  observed  minus  calculated 
intensities.  The  vertical  markers  show  positions  calculated  for 
Bragg  reflections. 

Fig.  3  gives  the  resulting  Rietveld  plot  of  the  diffraction 
pattern  of  sample  6  after  refinement  of  lattice  parameters  and 
profile  functions  but  using  the  fixed  atom  positions  and 
occupation  numbers  of  single  crystal  structure  of  Ir3Si5  [11] 
for  the  calculated  pattern.  All  observed  reflections  can  be 
explained  to  be  caused  by  the  monoclinic  Ir3Si5  structure 
(space  group  P2i/c).  The  intensities  of  the  calculated 
reflections,  however,  differ  from  the  observed  one.  This  we 
suggest  to  be  caused  by  deviations  of  the  atom  positions  and 
the  occupation  numbers.  Refinement  of  this  parameters  did 
not  yield  stable  results  because  of  the  great  number  of 
independent,  but  highly  correlated  parameters  (48  atom 
parameters  and  16  occupation  numbers). 

Fig.  4  gives  the  resulting  lattice  parameters  of  Ir3Si5  phase 
obtained  in  samples  3  -  9  in  dependence  on  the  Silicon 
concentration  of  the  layers.  The  volume  of  the  unit  cell  differs 
clearly  from  the  single  crystal  value.  In  layers  with  an 
chemical  composition  near  by  the  ideal  Ir3Si5  -composition 


the  unit  cell  volume  is  0.5%  greater  than  the  single  crystal 
value  reflecting  the  disturbances  of  the  crystal  structure.  With 
increasing  silicon  concentration  of  the  layers  the  unit  cell  of 
Ir3Si3  phase  decreases.  This  we  consider  to  be  caused  by  an 
increasing  number  of  unoccupied  Ir-positions  and  /  or 
substitution  of  Si-atoms  for  Ir-atoms  respectively. 


Fig.4:  Lattice  parameters  and  unit  cell  volume  of  the  Ir3Si5 
phase  observed  in  annealed  IrxSii-x  thin  films  in  dependence 
on  the  layer  composition.  Filled  symbols  -  single  crystal  data 
given  by  Engstrom  et  al.  [11]. 

Microstructure 

The  microstructure  of  samples  No.  4  and  6  annealed  for  2 
hours  at  T=1073K  in  Ar  atmosphere  was  studied  by  means  of 
analytical  TEM-investigations.  For  this  the  layers  were 
transplanted  onto  Mo  object  carrier  nets.  The  observed 
morphology  and  phase  composition  in  both  layers  was 
similar.  The  layers  were  not  homogeneous  but  cracked  as  a 
result  of  the  crystallization  process.  Together  with  high 
diffraction  contrasts  at  large  grains  this  refers  to  high  stress 
in  the  layers.  Three  dinstinct  areas  can  be  distinguished: 

(a)  -  an  area  consisting  of  grains  with  typical  chord  lengths 
between  1pm  and  10pm  which  is  decorated  with  small 
perforations  (<  0. 1  pm)  (  Fig.  5  a),  (b)  -  the  areas  between  the 
grains  (a)  characterized  by  a  porous  phase  with  fish-bone  like 
contrast  and  typical  chord  lengths  between  0.2  pm  and  2  pm 
(Fig  5  b) ,  and  (c)  -  the  edge  of  the  cracks  consisting  of  dark 
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areas  and  large  gaps.  The  dark  areas  are  partially  covered  by 
an  layer  without  structure  (Fig  5  c).  By  means  of  electron 
diffraction  and  EDX  the  large  grains  in  area  (a)  were 
identified  to  be  the  Ir3Si5  main  phase  and  the  intermediate 
areas  (b)  to  be  an  IrSi  rsidual  phase.  Area  (c)  consists  of  Ir2Si 
(the  dark  areas)  and  Si02  ( the  structureless  layers). 


1  jim 

Fig.  5:  Micrographs  showing  distinct  phases  observed  in 
Iro.36Sio.64  Si  layers  (sample  4)  annealed  at  T=1173K  for  2  h 
in  Ar  atmosphere  (a)  Ir3Si5;  (b)  IrSi;  (c)  Ir2Si  and  Si02 


Electrical  resistivity 

Fig.  6  shows  the  annealing  behaviour  of  the  resistivity  and  of 
its  temperature  coefficient  TCR  at  300  K  for  the  investigated 
layers  reflecting  the  phase  composition  of  the  investigated 
thin  films.  Layer  1,9,10,  and  11  are  dominated  by  Ir3Si4  and 
IrSi3  respectively  and  show  metallic  character,  the  character 
of  layer  2  is  indifferent,  and  the  other  layers  with  a 
dominating  Ir3Si5  phase  show  semiconducting-like  resistivity. 
As  a  result  of  the  formation  of  the  metastable  phase  in  layers 
2,  3,  and  4.  The  electrical  resistivity  after  annealing  at  973K 
show  low  values  and  small  temperature  dependences. 


Fig.  6:  Dependence  of  resistivity  p(295K)  and  temperature 
coefficient  of  resistivity  TCR(295K)  of  IrxSii.x  thin  films  on 
the  annealing  temperature 


In  Fig.  7  the  temperature  dependence  of  the  resistivity  of 
samples  2-5  is  given  for  the  as-deposited  state  and  after 
annealing  at  973K  and  1073K.  Due  to  the  large  disorder  of 
the  as-deposited  films  their  transport  behaviour  should  be 
determined  by  effects  of  weak  and  strong  locations  at  least  at 
low  temperatures.  As  a  result  of  the  high  disorder  after 
annealing  at  973K  the  polyciystalline  state  does  not  effect  the 
electrical  properties  and  a  metallic  behaviour  is  observed.  In 
the  final  state  the  temperature  dependence  increases  with 
increasing  silicon-concentration,  showing  a  maximum  for 
sample  4  with  Si-concentration  of  64%.  An  activation  energy 
of  about  0.08eV  was  estimated  for  sample  3,4,  and  5  which 
is  a  typical  value  for  a  transition  metal  impurity  state  in  a 
semiconductor. 


Conclusions 

The  phase  formation  process  during  heat  treatment  has  been 
investigated  in  IrxSii_x  thin  films  prepared  by  dc-magnetron 
sputter  codeposition.  The  phase  composition  of  the  final  state 
investigated  by  XRD  measurement  depends  on  the  chemical 
composition  of  the  layers:  in  the  region  0.40>x>0.35  Ir3SM 
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Fig.  7:  Temperature  dependence  of  the  resistivity  of  as- 
deposited  (crossed  symbols)  and  annealed  at  973K  (filled 
symbols  and  at  1073  K  (open  symbols)  Ir-Si  films 

and  Ir3Si5  were  idenffied,  in  the  region  0.35>x>0.34  Ir3Si5 
only  and  in  the  region  0.34>x>0.30  Ir3Si5  and  IrSi3.  Layers 
with  chemical  compositions  near  by  Ir3Si5  were  proved  by 
microprobe  analysis  to  contain  small  amounts  of  IrSi  and,  if 
oxygen  is  present,  Ir2Si  and  Si02  .  In  IrxSiKx  thin  films  with  a 
chemical  composition  0.39>x>0.36  an  unknown  metastable 
phase  with  monoclinic  unit  cell  was  identified  at  a 
temperature  range  from  970K  up  to  1060K.  The  lattice 
parameters  of  the  Ir3Si5  phase  vary  in  dependence  on  the 
chemical  composition  x.  The  observed  diffraction  intensities 
differ  from  the  calculated  on  the  basis  of  single  crystal 
structure  parameters.  This  we  suggest  to  be  caused  by 
disturbances  of  the  crystal  structure  like  deviations  of  the 
atom  positions,  unoccupied  Ir-positions  and  /  or  substitution 
of  Si-atoms  for  Ir-atoms.  The  annealing  behaviour  of 
electrical  resistivity  and  its  temperature  coefficient  clearly 
reflects  the  phase  composition  in  dependence  on  the  chemical 
composition. 

The  present  study  gives  contributions  to  the  understanding  of 
the  phase  formation  process  in  binary  iridium  silicide  thin 
films  in  correlation  with  electrical  resistivity  and  its 
temperature  coefficient.  Further  investigations  of  transport 
properties  are  in  progress. 
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CPMT  TECHNICAL  COMMITTEES  — 

SCOPE 

One  of  the  major  benefits  of  belonging  to  an  IEEE  Society  is  exchanging  technical  information  with  peers. 
Our  membership  is  served  through  conferences,  workshops,  Transactions,  and  newsletters.  These  are  the 
vehicles  to  exchange  information,  with  the  Technical  Committees  acting  as  the  "engines." 

In  general,  certain  conferences  and  workshops  are  supported  by  all  the  Technical  Committees.  These  events 
include  the  Electronic  Components  and  Technology  Conference,  and  the  International  Electronics  Manufacturing 
Technology  (!EMT)  Symposium.  Several  events  are  cosponsored  by  CPMT  with  other  organizations  outside  the 
IEEE.  You  are  encouraged  to  call  the  individual  committee  chairs,  to  address  specific  inquiries  and  interests  to 
them;  you  do  not  need  to  be  a  CPMT  member  to  request  membership  in  a  specific  TC. 


TC-1 :  Electrical  Contacts  Gerry  Witter;  Chugai  USA;  3780  Hawthorn  Rd;  Waukegan,  IL  60087;  g.witter@ieee.org 

The  scope  of  this  Committee  is  to  be  the  focal  point  within  the  IEEE  CPMT  Society  for  electrical  contacts.  Its 
membership  consists  of  individuals  having  an  interest  in  the  research,  development,  manufacture,  and  utilization 
of  electrical  contacts  and  devices  which  contain  them.  The  Committee  holds  regularly  scheduled  meetings  and 
functions  through  the  Holm  Organization  and  through  task  forces  having  specific  objectives.  The  Committee 
sponsors  or  supports  conferences,  publications,  educational,  standardization,  and  other  activities. 

Associated  activities: 

1 .  Holm  Conference  on  Electrical  Contacts 

2.  Holm  Course  on  Electrical  Contacts 


TC-2:  Discrete  Component  Parts  and  Subassemblies  Dr.  Tom  Reynolds,  muRata,  404-433-7825 


The  function  of  the  Discrete  Component  Parts  and  Subassemblies  Committee  is  to  serve  as  the  focal  point 
within  CPMT  for  various  activities  including  the  design,  fabrication,  characterization,  test,  and  application  of 
electronic  components.  The  particular  devices  include,  but  are  not  limited  to: 


Capacitors 

Connectors 

Displays 

Filters 

Inductors 


Optical  Components 
Protective  Devices 
Relays 
Resistors 

Semiconductor  Devices 


Sensors 
Solenoids 
T  ransducers 
Transformers 
Transient  Suppressors 


Associated  activities: 

1 .  Capacitor  and  Resistor  Technology  Symposium  (CARTS) 

2.  International  Non-Volatile  Memory  Technology  Conference 
Contact  Tom  by  email  at  76304.463@compuserve.com 


TC-3:  Surface  Mount  Technology  Dr.  Bill  Wun,  Hewlett  Packard,  1-415-857-2988 

Electronics  assembly  is  rapidly  moving  from  through-hole  mounting  to  surface-mount.  Challenges  are 
increasing  as  lead  pitch  is  refined,  standards  are  debated  and  adopted,  and  processes  are  automated.  Alternate 
substrates  are  being  used:  epoxy  PCBs  as  well  as  advanced  composites,  ceramics,  etc.  Device  power  levels  are 
increasing,  so  heat  transfer  becomes  more  important.  This  Committee  explores  new  directions  and  techniques 
for  standard  and  high-lead-count  SMT,  and  the  equipment  developments  needed  to  support  it.  A  special  focus  is 
the  growing  application  of  SMT  to  automotive  electronics. 

There  is  a  cooperation  between  this  Committee  and  the  Committees  on  materials,  packaging,  thermal 
management,  and  standards.  This  Committee  is  also  supporting  the  new  CPMT  Transactions  on  Advanced 
Packaging.  Please  contact  the  chair  by  mail  (1501  Page  Mill  Road;  Palo  Alto,  CA  94304  USA)  or  by  E-mail  (at 
wun128@aol.com). 


Associated  activities: 

1 .  Electronics  Manufacturing  Seminar  (China  Lake) 

2.  Surface  Mount  International 
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TC-4:  Manufacturing  Technology  Wyck  Seelig,  AT&T  Bell  Labs  1-908-771-2440 

The  focal  point  of  TC-4  is  manufacturing  and  the  associated  technologies.  Automatic  processes,  especially 
robotics,  control,  and  quality,  and  their  management,  are  of  prime  interest.  Applications  of  new  materials  which 
will  save  process  time,  improve  quality,  or  lead  to  product  manufacturing  innovation,  are  stressed.  Examples  of 
new  technologies  which  have  been  of  interest  recently  are  surface  mount  technology  for  the  design  and  assembly 
of  printed  wiring  boards,  and  production  issues  with  multi-chip  modules.  Email:  wdsOI  lhtwds@bkuxo.att.com 

Associated  activities: 

1.  Int’l  Electronics  Manufacturing  Technology  (IEMT)  Symposium  (U.S.,  Japan,  Europe) 

TC-5:  Materials  Dr.  Rajen  Chanchani,  Sandia  Nat’l  Labs  1-505-844-3482 

The  electronics  industry  has  been  undergoing  a  technical  renaissance  for  the  past  two  decades.  The 
materials  improvements  and  the  introduction  of  new  materials  in  answer  to  new  needs  has  been  one  component 
that  has  fueled  the  change.  This  Committee  has  the  responsibility  to  keep  the  membership  current  on  materials 
issues  and  to  serve  as  a  sounding  board  to  call  attention  to  the  introduction  of  an  unsafe  or  defective  material  or 
one  that  is  incorrectly  applied.  Contact  Rajen  by  email  at  rajen_chanchani@sass165.sandia.gov 

Associated  activities: 

1 .  Electronic  Components  and  Technology  Conference 

2.  Advanced  Materials,  Processes,  &  Interfaces  Workshop 

3.  Int’l  Symposium  on  Advanced  Packaging  Materials 

TC-6:  Electronic  Packaging  Dr.  Les  Fox,  Digital  Equipment  Corp.  1-508-858-3037 

Electronic  Packaging  is  concerned  with  the  design,  development,  and  fabrication  of  single  and  multi- 
component  electronic  assemblies.  This  includes  the  development  of  design  systems  (for  layout,  release,  etc.), 
processes,  and  materials  involved  in  the  construction  of  these  assemblies.  Also  included  are  the  manufacturing 
systems  and  tooling  for  fabrication,  assembly,  and  test  adequate  to  meet  the  reliability  and  end-use  requirements 
for  the  assembly.  Contact  Les  by  email  at  l.fox@ieee.org 

Associated  activities: 

1 .  VLSI  &  GaAs  Chip  Packaging  Workshop 

2.  IEEE  Multichip  Module  Conference  (MCMC) 

3.  International  Conference  on  MultiChip  Modules  (ICMCM) 


TC-7:  Environmental  Stress  &  Reliability  Testing  Dr.  Tony  Chan,  AT&T,  1-609-639-2420 

This  is  a  new  Committee  that  has  been  established  to  assist  professionals  involved  in  assuring  that  their 
electronic  system  hardware  is  robust  and  meets  world-class  standards  for  design  quality.  Interest  is  from  the  chip 
package  level  up  to  fully  assembled  large  systems,  with  a  special  emphasis  on  the  use  of  environmental  stress 
testing  as  a  means  of  qualifying  and  systematically  improving  product  reliability.  Members  share  techniques  for 
product  qualification,  simulation,  environmental  testing,  and  other  aspects  of  assuring  that  a  product  is  mature 
enough  for  the  market.  (Contact  Tony  at  chan@pruxp.att.com.) 

1.  Accelerated  Stress  Testing  Workshop 

TC-8:  Semiconductor  Processing  Technology  John  Reekstin,  Aerojet  1-818-812-2866 

Semiconductor  processing  is  at  the  heart  of  the  industry.  This  committee  is  concerned  with  the  establishment 
and  standardization  of  processes  in  the  manufacture  of  semiconductors.  New  processes  and  materials  to 
improve  quality  and  yield  are  of  prime  importance.  In  addition,  new  branches  of  semiconductor  processing  such 
as  integrated  optics,  flat-panel  displays,  and  micromachining  are  nurtured  and  fostered  by  this  Committee. 

Associated  activities: 

1.  International  Systems  In  Silicon  (ISIS)  Conference 

2.  International  Symposium  on  Semiconductor  Manufacturing  (ISSM) 

3.SEMICON/East  &  Advanced  Semiconductor  Manufacturing  Conference  (ASMC) 

4.  VLSI  Multilevel  Interconnection  Conference  (V-MIC) 

5.  Lithography  Workshop 

6.  International  Non-Volatile  Memory  Technology  Conference 
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TC-9:  Thermal  Management  Tony  Mak,  Allegro  Microsystems  1-508-853-5000 

The  Thermal  Management  Committee  is  concerned  with  all  aspects  of  thermal  design  and  analysis  in  science 
and  industry.  The  subject  is  divided  into  Heat  Transfer  and  Thermal  Stress.  The  former  includes  thermal 
conductivity  measurements  and  parameters,  thermal  coefficients  of  expansion  (TCE's),  and  temperature 
distributions  (both  predictions  and  measurements).  Thermal  stress  concerns  stress/strain  predictions  and 
measurements,  CTE  analyses,  and  other  issues.  Contact  Tony  by  email  at  mak_t@orgella.com 

Associated  activities: 

1 .  Semiconductor  Thermal  Measurement  and  Management  (SEMI-THERM)  Symposium 

2.  InterSociety  Conference  on  Thermal  Phenomena  (l-THERM) 

3.  International  Thermoelectric  Conference 


TC-10:  Fiber  Optics  &  Photonics  Michael  Lebby,  Motorola  1-602-413-4826 

This  new  TC,  in  formation,  addresses  the  areas  of  optoelectronic  and  optical  materials,  packaging,  and 
systems,  including  characterization,  fabrication,  assembly,  reliability,  and  performance.  Contact  the  chair  at 
michaelJebby@tempeqm.sps.mot.com. 


TC-11:  Quality  Subash  Singhal,  AT&T  Bell  Labs 

This  new  TC  serves  as  the  focal  point  for  all  quality-related  issues  relevent  to  the  IEEE  membership.  It 
affirms  the  goal  of  Total  Customer  Satisfaction,  and  works  with  conferences  to  include  an  emphasis  on  quality 
design  and  manufacture.  It  serves  as  liaison  between  IEEE  and  other  organizations  with  a  similar  interest  in 
quality,  including  the  American  Society  for  Quality  Control,  AME,  etc.  It  maintains  a  mailing  list  of  individuals  with 
an  interest  in  furthering  the  development  and  teaching  of  quality  metrics,  and  publishes  a  newsletter  on  a  periodic 
basis.  TC-11  develops  special  sections  for  the  CPMT  Transactions  on  topics  such  as  Design  of  Experiments, 
Statistical  Process  Control,  and  Quality,  and  coordinates  development  of  short  courses  and  tutorials  for 
conferences  or  local  chapters.  It  meets  at  various  CPMT  conferences  to  develop  plans  and  share  experiences. 


TC-12:  Semiconductor  Manufacturing  Court  Skinner,  National  Semi  1-408-721-7420) 

The  production  of  semiconductor  devices  becomes  more  exacting  each  year,  as  geometries  decrease,  wafer 
size  and  circuit  density  increase,  and  yields  become  ever  more  important.  TC-12  provides  the  focus  for  CPMT 
activity  in  the  manufacture  of  semiconductors,  and  maintains  a  mailing  list  of  technical  individuals  from  many 
backgrounds  who  share  an  interest  in  semiconductor  manufacturing  science  and  practice.  Contact  Court  by  email 
at  l.skinner@ieee.org 
Associated  activities: 

1.  International  Symposium  on  Semiconductor  Manufacturing  (ISSM) 

2.SEMICON/East  &  Advanced  Semiconductor  Manufacturing  Conference  (ASMC) 

3.  The  IEEE  Transactions  on  Semiconductor  Manufacturing 

TC-13:  Power  Electronics  Packaging  Doug  Hopkins,  SUNY  (+1-607-777-2333) 

This  committee  provides  a  focus  for  the  development  of  technologies  that  are  relevent  to  the  electronic 
processing  of  power.  Nearly  all  of  the  materials,  manufacturing  and  process  technologies  developed  for 
application  to  signal  and  data  processing  can  be  used  in  power  processing.  The  committee  facilitates  the 
development  of  packaging  technology  specific  to  power  electronics  and  systems,  and  maintains  a  roadmap  for 
power  packaging  from  chip-level  to  end-product.  It  has  been  established  as  a  joint  committee  with  the  IEEE 
Power  Elecrtonics  Society.  For  further  information  or  to  add  your  name  to  the  data  base,  contact  Doug  at 
d.hopknls@ieee.org 
Associated  activities: 

1 .  Electronic  Components  and  Technology  Conference  (ECTC) 

2.  Applied  Power  Electronics  Conference  (IEEE-PELS) 

You  don’t  need  to  be  an  IEEE  or  CPMT  member  to  join 
one  of  our  TC’s  —  please  contact  the  TC  chair  to  become 
associated  with  it’s  work  and  benefits! 
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You  are  invited  to  propose  a  paper  for  the  International 
Conference  on  Thermoelectrics  in  Dresden,  Germany,  August 
26  -  29,  1997,  hosted  by  the  Institute  for  Solid  State  and 
Materials  Research,  Dresden.  Deadline  for  abstracts  is  April 
30,  1997;  abstract  acceptance  is  May  31,  1997.  Please  submit 
abstracts  to: 


Joachim  Schumann 
ICT97  Technical  Program  Chairman 
Inst,  for  Solid  State  and  Materials  Research 
Helmholtzstr.  20 
D-01069  Dresden,  Germany 
Ph.:  (+49  351)  2582  399 
Fax:  (+49  351)  2582  314 
e-mail:  ict97@ifw-dresden.de 


JOIN  ITS 


For  information  on  membership  in  the  International  Thermoelectric  Society,  please  visit  our 
Website  at: 

http://www.ict.org 

or  contact: 

Dr.  Jean  Pierre  Fleurial,  ITS  Secretary 

Jet  Propulsion  Laboratory/ California  Inst,  of  Technology 

4800  Oak  Grove  Drive 

Pasadena,  CA  91 109-8099  USA 

Phone:  +1-818-354-4144,  FAX:  +1-818-393-6951  # 


JOIN  IEEE 


For  information  on  membership  in  the  Components,  Packaging,  &  Manufacturing  Technology 
Society  of  the  IEEE,  a  free  back  issue  of  a  CPMT  Transactions  ,  or  participation  in  one  of  the 
Technical  Committees  or  local  Chapters  within  the  Society,  please  visit  our  Website  at: 

http://naftalab.bus.utexas.edu/ieee/  and  http://www.ieee.org 

or  contact: 

Barbara  Reagor 
Bellcore  Room  3Z-227 

331  Newman  Springs  Road 
Red  Bank,  NJ  07701  USA 

Or,  in  the  U.S.A.,  call  IEEE  at: 

+ 1  -800-678-IEEE 


